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I. Real Party In Interest 

The real parties in interest are the assignee, University Technology Corporation, 
University of Colorado and the licensee, Myogen, Inc. 

II. Related Appeals and Interferences 

There are no related appeals or interferences. 

III. Status of the Claims 

Claims 1-26 were filed with the application. Claims 1-22, and 24-26 have been canceled. 
Thus, claim 23 is pending, stands rejected, and is appealed. A copy of the pending claim is 
attached. 

IV. Status of the Amendments 

All amendments have been registered and examined. 

V. Summary of the Claimed Subject Matter 

The present invention is drawn to a method of treating myocardial failure in a human 
comprising administering an effective amount of a transgene encoding for a-MHC, wherein 
expression of a -MHC provides improvement in left ventricular ejection fraction. Specification at 
page 4, lines 23-27, and pages 10-13. 

VI. Grounds of Rejection to be Reviewed on Appeal 

Is claim 23 enabled under 35 U.S.C. §112, first paragraph? 
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VII. Argument 



A. Summary 

The rejection under 35 U.S.C. §112, fist paragraph, is based on the premise that the 
specification is defective in providing an adequate basis for teaching or providing guidance with 
respect to how to deliver a-MHC via a transgene, that the specification exemplifies a transgenic 
animal that fails to extrapolate to treating a human with a transgene, and that the specification 
fails to provide guidance for what specific levels of a-MHC would be therapeutic. 

However, the rejection is not founded upon a proper understanding of the science, nor 
does the examiner appear to understand the relevance of the last reference supplied by appellants 
(abstract from the lab of Jeffrey Robbins). Transgenic models, especially the rabbit model used 
by Robbins, are not only instructive, but they can be fashioned to mimic the human state, and 
thus are highly informative and give more than adequate guidance for treating the human 
disease. The Robbins reference, coupled with what is now known about a-MHC, shows very 
specifically what levels of a-MHC would be cardioprotective. 

Finally, the references supplied by appellants clearly show that at the time of filing 
delivery of genes directly to the heart, a method disclosed in the specification, was not only 
possible, it was considered practicable. The enablement rejection is therefore improper because 
the specification, coupled with references filed both before and after filing, is sufficient to supply 
"suitable proofs" as required by law that the invention is indeed enabled. 

B. Standard of Review 

Findings of fact and conclusions of law by the U.S. Patent and Trademark Office must be 
made in accordance with the Administrative Procedure Act, 5 U.S.C. §706(A), (E), 1994. 
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Dickinson v. Zurko, 527 U.S. 150, 158 (1999). Moreover, the Federal Circuit has held that 
findings of fact by the Board of Patent Appeals and Interferences must be supported by 
"substantial evidence" within the record. In re Gartside, 203 F.3d 1305, 1315 (Fed. Cir. 2000). 
In In re Gartside, the Federal Circuit stated that "the 'substantial evidence' standard asks 
whether a reasonable fact finder could have arrived at the agency's decision." Id. at 1312. 
Accordingly, it necessarily follows that an Examiner's position on Appeal must be supported by 
"substantial evidence" within the record in order to be upheld by the Board of Patent Appeals 
and Interferences. 

C. Rejection Under 35 U.S. C. §112, First Paragraph 

Claim 23 stands rejected as lacking an enabling disclosure in the specification. 
According to the examiner, the specification is defective in (a) failing to provide an adequate 
basis for predicting that an increase in a-MHC transcripts would benefit subjects having 
myocardial failure, (b) failing to provide correlation of a-MHC transgene expression in vivo with 
therapeutic benefit, (c) failing to teach or provide guidance with respect to specific levels of a- 
MHC that would be therapeutic, and (d) failing to teach or provide guidance for delivery of the 
a-MHC transgene to the heart. Appellants have provided extensive responses to the examiner's 
concerns, and for the most part, the examiner has simply "reiterated" the PTO's previous 
positions. Therefore, appellants appeal the examiner's final position. 

In their last response, appellants directed the examiner to the enclosed poster abstract 
from the lab of Jeffrey Robbins, Ph.D., presented at the Keystone Meeting on "Biology of 
Cardiac Disease" held on March 7, 2004. This data evolved from Robbins' findings on the 
rabbit heart model presented in James et al, JMCC 34, 873-882 (2002). As shown in this 
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abstract, directly supporting the inventor's paradigm and abrogating the examiner's concerns 
regarding this invention, addition of a-MHC transcripts via a transgenic approach strengthens 
the heart and renders it resistant to tachycardia- induced cardiomyopathy. Robbins' study is 
highly applicable to the human setting because Robbins took advantage of the fact that the rabbit 
heart is constituted much like the human heart, expressing low levels of a-MHC when healthy, 
and then expressing virtually no a-MHC when the heart is diseased. In this model, if an increase 
in a-MHC could be shown to be protective, it would be highly predictive for what would be seen 
in the human heart. His abstract provides proof of concept for the rejected claims, showing that 
adding even as little as 10-15% more a-MHC than baseline is protective to the heart. In other 
words, and exactly as claimed by the current inventors, adding an a-MHC transgene causes an 
increase in LVEF directly related to the additional a-MHC expressed in heart tissue. 

The examiner found this data to be inconclusive, focusing on the fact that the animal used 
was a transgenic animal. The examiner's concerns exhibit a failure to understand the technology 
at hand. The a-MHC promoter is only expressed in the heart. Therefore, whether or not the 
gene is present in every cell in the body is completely irrelevant. This particular model is a 
perfect representative model for the human disease because the gene is expressed where an 
exogenous transgene would be expressed, it is expressed in a measurable amount which provides 
guidance on a therapeutic level to clinicians, and it is the exact same gene that would be used in 
the claimed method. Thus, the examiner's concerns about the use of a transgene are clearly out 
of touch with the actual science being used and cannot stand up in the face of a true 
understanding of the relevance of the Robbins data. 

While the Robbins data alone should be sufficient to overcome the examiner's concerns 
and enable this claim, appellants will address the other issues raised by the examiner's earlier 
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rejections. Appellants have previously supplied the examiner with a variety of references 
regarding gene therapy (see response mailed May 19, 2004), but the examiner has focused 
almost exclusively on the Jones reference, arguing it was not dispositive. The final rejection 
ignored the numerous other references supplied (and again referenced below) by appellants 
regarding the enablement of cardiac gene therapy, and in the examiner's most recent 
communication (dated July 9, 2004) these references have been found to be ineffectual in 
supporting the method as claimed. In a previous response (dated Sept. 11, 2001), appellants 
provided a number of publications, far more relevant than those cited by the examiner in his 
responses, reporting on the successful transfer of genes into cardiac tissue. Alexander et al, 
Clin. Exp. Pharmacol. Physiol, 26:661-668 (1999) reported gene transfer into myocardium 
through direct injection of plasmid DNA and viral transfer. Chien et ah, WO/2000/15821 
describe the use of recombinant adenovirus-mediated expression of transgenes in both neonatal 
and mature cardiac tissues. Other papers reporting cardiac transgene expression included 
Davidson et al, Circulation 104:131 (2001), Pachucki et al, Endocrinology 142:13 (2001), 
Shinmura et al, Japan Heart J. 41:633 (2000), Silva et al, FASEB 14:1858 (2000), Lenhart et 
al, Am. J. Physiol. Heart Circ. Physiol. 279:H986 (2000), Lazarous et al, Cardiovasc. Res. 
44:294 (1999), and Wickenden et al, Circ. Res. 85:1067 (1999). 

Additionally, the examiner has repeatedly failed to address other references provided by 
appellants that further undercut the examiner's position on enablement. In particular, the 
examiner has failed to convincingly rebut the claims made by Yue, Schroeder, O'Donnell, del 
Monte, and Fromes. Fromes et al, Gene Therapy, 12:683-688 (1999) described the successful 
delivery of a gene to the myocardium by intraperitoneal injection. The Fromes paper states that 
"gene therapy is a potential new strategy for cardiovascular diseases" and adds that "several 
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studies have demonstrated the feasibility of gene transfer into the heart muscle." In addition to 
Fromes, appellants referenced a number of previous articles that demonstrated the potential of 
direct injection of genes into the myocardium (see Lin et al, Circulation, 82:2217-2221 (1990); 
Stratford-Perricaudet et al, J. Clin. Invest., 90:626-630 (1992); Von Harsdorf et al, Circ. Res., 
72:688-695 (1993); French, Circulation, 90(5) 2414-2424, (1994); Lee et al., J. Thorac. 
Cardiovasc. Surg., 111:246-252 (1996); Coffin et al, Gene Therapy, 3:560-566 (1996); and 
Kypson et al, J. Thorac. Surg., 115:623-630 (1998)). Fromes, however, constituted an advance 
over those reports in developing a technique for "local delivery of the therapeutic gene into the 
pericardium," demonstrating the successful delivery of a gene to the heart. Fromes' results 
proved that "intra-pericardial injection ... leads to an efficient and safe strategy to deliver a 
transgene to the heart." The successful approach taken by Fromes came on the heels of another 
successful application of cardiovascular gene therapy by Hajjar et al, Proc. Natl. Acad. Sci. USA, 
95:5251-5256 (1998). Hajjar used a catheter-based technique to successfully alter cardiac 
function in rat hearts. This study was seen as opening the prospect "of using somatic gene 
transfer to modulate overall cardiac function in vivo." 

Appellants have also discussed how later researchers built on the success seen by both 
Fromes and Hajjar, generating additional data that validated the feasibility and effectiveness of 
cardiovascular gene therapy. Schroeder et al, Transplantation, 70:191-198 (2000) showed that 
addition of anti-CD4 monoclonal antibodies improved gene transfer into rat cardiac grafts. 
O'Donnell et al, Circ. Res., 88:415-421 (2001) showed that sarcoplasmic reticulum (SR) 
ATPase (SERCA), could be expressed in cardiac myocytes, del Monte et al, Circulation, 
104:1424-1429 (2001) also showed effective transfer of and expression of SERCA2a into a rat 
heart through adenoviral gene transfer. Li et al, Gene. Ther., 21:1807-1813 (2003) showed that 
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an adenoviral associated vector (AAV) could be successfully used to transfer a reporter gene and 
a therapeutic gene into the heart of a hamster. Appellants have pointed to Yue et al, Circulation 
(2003), who went yet a step further and actually treated a cardiovascular disease using an AAV 
vector to deliver a therapeutic gene to the heart of a diseased mouse. Yue not only successfully 
delivered the gene to the heart, but was able to see improvement of cardiovascular function and 
further saw improvement in disease state. Finally, appellants directed the examiner to the 
statements of Poller et al, Z Kardiol., 93(3): 171-93 (2004), a recent publication exploring 
cardiac gene therapy approaches. Pollard conclusively states "the important goal of cardiac 
long-term stability of therapeutic vectors has recently been achieved in animal models using 
vectors derived from adeno-associated viruses (AAVs)." 

In his last communication, the examiner argued that the methods disclosed by all these 
papers (an argument made without any direct refutation of the specific references or the 
conclusions made by appellants) could not be used to enable the invention, which is contrary to 
the law and appears to now elevate the rejection to the level of requiring a working model. 
According to MPEP §2164.02 "an applicant need not have actually reduced the invention to 
practice prior to filing." It is important to remember that "because only an enabling disclosure is 
required, appellant need not describe all actual embodiments. The absence of working examples 
will not by itself render the invention non-enabled." MPEP §2164.02. Furthermore, nowhere in 
patent law is it stated that the use of post-filing references is prohibited from enabling a claimed 
method. In fact, such practice is commonplace and accepted, as the "court has approved use of 
later publications as evidence of the state of art existing on the filing date of an application" {In 
re Hogan, 559 F.2d 595 (CCPA, 1977), recently upheld in Plant Genetic Sys. v. Dekalb Genetics 
Corp., 315 F.3d 1335 (Fed. Cir., 2003)). As such, the examiner's assertion that "none of the post 
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filing arts followed the method taught by the specification," is not relevant because the claimed 
method is generic to treating the disease and the methods disclosed by the cited references all fall 
within the body of art claimed by the current invention. Thus, they should satisfy as examples to 
enable the claimed invention. 

Appellants therefore submit that the overwhelming body of evidence in the literature 
supports gene therapy in the heart as an enabled technology and the present record provides 
adequate evidence for the value of a-MHC therapy. In further response to the examiner's 
statement that many of the above-cited references are after the date of filing, appellants cite to In 
re Marzocchi, 169 USPQ 370 (CCPA 1971), stating that an enablement rejection "can be 
overcome by suitable proofs indicating that the teaching contained in the specification is truly 
enabling." The cited references, coupled with the new abstract by Robbins, are indeed the 
"suitable proofs" required by the law, and nowhere in the law is it required that these proofs be 
in the evidentiary record prior to the date of filing. 

In sum, appellants submit that the present record provides adequate evidence of the value 
of a-MHC therapy. Therefore, reversal of the rejection is respectfully requested. 
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D. Conclusion 



In light of the foregoing, appellants respectfully submit that all pending claims are 
definite and supported by the application as filed. Therefore, it is respectfully requested that the 
Board reverse each of the pending rejections. 



Fulbright & Jaworski L.L.P. 
600 Congress Ave., Suite 2400 
Austin TX 78701 
512-474-5201 

Date: April 20, 2007 
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VIII. APPENDIX A - APPEALED CLAIMS 



1-22. (Canceled) 

23. (Previously presented) A method of treating myocardial failure in a human comprising 
administering an effective amount of a transgene encoding for a-MHC, wherein expression of a- 
MHC provides improvement in left ventricular ejection fraction. 

24-26. (Canceled) 
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APPENDIX C - RELATED PROCEEDINGS 
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EXHIBIT A 



J Mol Cell Cardiol 34, 873-882 (2002) 

doi: 10. 1006/jmcc.2OO2.2O2 5 , available online at http://www.idealibrary.com on 1 0 E Kl® 



Transgenic Rabbits Expressing Mutant 
Essential Light Chain do not Develop 
Hypertrophic Cardiomyopathy 

Jeanne James, Yan Zhang, Kathy Wright, Sandra Witt, Elizabeth Glascock, 
Hanna Osinska, Raisa Klevitsky, Lisa Martin, Karen Yager, Atsushi Sanbe and 
Jeffrey Robbins 

Children's Hospital Research Foundation, Cincinnati, Ohio 45229-3039, USA 
(Received 7 February 2002; accepted in revised form 1 1 April 2002) 

J. James, Y. Zhang, K. Wright, S. Witt, R Glascock, H. Osinska, R. Klevitsky, L Martin, K. Yager, A. Sanbe and 
J. Robbins. Transgenic Rabbits Expressing Mutant Essential Light Chain do not Develop Hypertrophic Cardiomyo- 
pathy. Journal of Molecular and Cellular Cardiology (2002) 34, 873-882. Mutations in multiple sarcomeric proteins 
can cause familial hypertrophic cardiomyopathy. Although a Ml 49V mutation in the myosin light chain is 
associated with the human disease, the data from transgenic (TG) mouse models are conflicting. When a human 
genomic fragment containing the Ml 49V essential myosin light chain was used to generate TG mice, the phenotype 
was recapitulated. However, when the mouse cDNA containing the mutation was used to generate TG animals, no 
phenotype could be discerned. TG rabbits can be a valuable complement and extension to mouse-based TG models 
and we wished to determine whether expression of this mutation in the rabbit heart would result in the disease. The 
rabbit essential light chain cDNA was isolated, sequenced, the Ml 49V mutation made and the cDNA placed into the 
^-myosin heavy chain promoter, which efficiently drives cardiac expression in the rabbit ventricles. Multiple TG 
rabbit lines showing different levels of protein replacement were obtained. No discernible pattern of disease was 
apparent at the structural or functional levels at either the neonatal, juvenile or adult stages. We conclude that the 
M149V mutation is not causative for FHC when expressed in the rabbit within the context of the endogenous protein. 

© 2002 Elsevier Science Ltd. AU rights reserved. 

Key Words: Transgenesis; Myosin; Gene; Muscle; Rabbit 



Introduction 

Manipulating the mouse genome via gene target- 
ing and transgenesis allows one to directly test 
structure— function and cause-and-effect relation- 
ships in cardiovascular function. Although suc- 
cessful TG experiments have been performed in a 
number of small and large animal species, practic- 
ally, the mouse has been the animal of choice for 
laboratory-based cardiovascular studies. There are 
now literally hundreds of experiments in which 
cardiac-specific transgenesis has been used to 
establish structure— function relationships between 



the presence/absence of a particular protein (or its 
mutated form) and normal or abnormal function at 
the molecular, cellular and physiological levels. 1 

However, the mouse heart is fundamentally 
different from the human heart in terms of its basic 
motor proteins. While the adult mouse ventricle 
expresses the a-myosin heavy chain (MHC) isoform, 
the human ventricle expresses 0-MHC, 2 and the 
mouse heart beats ten times as quickly. The 
differences in the molecular motor underscore 
the basic differences between mouse and human, 
and the cardiovascular consequences of directed 
mutations that are placed into the mouse either by 



Please address all correspondence to: Jeffrey Robbins, Division of Molecular Cardiovascular Biology, MLC 7020, 3333 Burnet Avenue, 
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transgenesis or gene targeting must be applied with 
caution to large animals or humans. Indeed, recent 
studies with mouse models of familial hypertrophic 
cardiomyopathy (FHC) illustrate both the strengths 
and weaknesses of the mouse models. 3-5 

Mutations in sarcomeric proteins are responsible 
for FHC, with mutations identified in many compo- 
nents of the cardiac sarcomere. 6 To date, three 
mutations have been identified in the ventricular 
isoform of the essential light chain (ELClv), 7 - 8 with 
an unusual phenotype of mid-cavitary obstruction 
and papillary muscle hypertrophy described in 
association with the M149V ELClv mutation. 8 
Since ELClv binds to the neck region of myosin 
heavy chain (MHC), changes in ELClv structure 
presumably alter myosin function, and thus sarco- 
meric function. 

Two mouse models of the M149 V mutation, using 
different TG approaches and possessing divergent 
phenotypes, have been described. 9,10 In the experi- 
ments of Vemuri et al, the entire human mutant 
genomic DNA locus was expressed in TG mice and 
produced a mouse cardiomyopathy quite similar to 
the human ELClv FHC phenotype. The authors 
postulated that the ELClv mutation resulted in an 
altered stretch-activation response with the end 
effect of reduced oscillatory power leading to hyper- 
trophy. 1 0 In contrast, the experiments of Sanbe et al. 
employed a mutated mouse cDNA expressed in TG 
mice. Despite nearly complete replacement of 
endogenous mouse ELClv with the corresponding 
mutant protein, the mice did not develop mid- 
cavitary obstruction or hypertrophy. 9 One possible 
explanation for the different experimental results is 
that the Vemuri phenotype results in part from a 
species "mismatch" of human protein in a mouse 
heart: the ELClv protein sequences differ between 
the two species and the predominant MHC isoform is 
likewise distinct as noted above. 

When compared to the mouse, the rabbit heart is 
more closely related to the human heart at the 
molecular, biochemical and physiological levels and 
can be a useful complement to the mouse TG studies. 
To resolve the mouse data and to test the ability of 
the M149 V mutation to cause disease in a heart with 
a motor protein complement more similar to the 
human ventricle, we created multiple lines of TG 
rabbits in which varying proportions of the normal 
ELClv protein were replaced with the ELClvM149V 
mutation (Ml 54V in the rabbit sequence). Rabbits 
from three independent lines were analyzed at the 
molecular, anatomical and functional levels to 
determine the cardiac consequences of mutated 
ELClv expression. Similar to the results of Sanbe 
et al., no significant hypertrophic or functional 



changes resulted from expression of the Ml 54V 
mutation. 



Materials and Methods 

aC1vM154VT6 rabbits 

Rabbits were housed in an AAALAC approved 
facility. All experiments were conducted in accord- 
ance with the Guide for the Care and Use of Laboratory 
Animals and approved by the Institutional Animal 
Care and Use Committee. Rabbit ELClv cDNA was 
cloned using RT-PCR technology. The product was 
completely sequenced and the Ml 54V mutation 
introduced with PCR mutagenesis. A vesicular 
stomatitis virus (VSV) epitope tag (YTDIEMNRLGK) 
was placed at the carboxy terminus proximal to the 
stop codon and the cDNA subcloned into the mouse 
/?-MHCpromoter [Fig. 1(a)]. The VSV epitope tag has 
been used at the carboxy terminus without any 
detectable effects in previous studies. 911 Potential 
founders were screened by genomic Southern ana- 
lyses and three founders that transmitted the 
transgene to their offspring were identified. 



Physiologic analyses 

The Fl generation was aged 2-12 months before 
physiologic analysis by echocardiography and/or 
5—15 months for cardiac catheterization. After 
shaving the chest, echocardiography was performed 
under ketamine sedation using a Hewlett-Packard 
5500 Ultrasound System anda 7.5 MHz transducer. 
Contrast echocardiography was performed using 
intravenous Optison (Mallinckrodt). Both two- 
dimensional and M-mode images were recorded on 
videotape and analyzed offline as described. 12 

Cardiac catheterization was performed after 
initial sedation with intramuscular ketamine fol- 
lowed by isoflurane anesthesia. Femoral access was 
obtained via cutdown and a 4Fr sheath (Cook) 
placed in the artery. A 4Fr pigtail (Cook) was 
advanced into the sheath and positioned in the left 
ventricle. Pressure measurements and the elec- 
trocardiogram were recorded with a Prucka 
Cardio Lab 4.11 physiologic monitoring system 
(GE-Marquette). Contrast angiography was per- 
formed with Optiray 350 (Mallinckrodt) contrast 
diluted 1:1 with normal saline using a Liebel- 
Flarsheim Angiomat IUumena Digital Injection Sys- 
tem (Mallinckrodt). Oneagiography was recorded 
with an OEC Series 9800 Digital Cardiac Imaging 
System (General Electric) in the left axial oblique and 
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Figure 1 Comparison of the mouse, rabbit and human ELCIv cDNAs. (a) A schematic diagram of the mutant transgenic 
construct. Solid rectangles indicate the 4 exons of the 5 ' untranslated sequence, (b) Coding sequence of rabbit ELC1 v. 
(c) Comparisons of the ELCIv amino acid sequences of mouse, rabbit and human. Dashes were inserted in rabbit and 
human sequences to maximize alignment The triple line indicates the alanine-proline rich region and the mutated 
methionine is boxed. 



right axial oblique projections. Following the pro- 
cedure, the catheters were withdrawn, the femoral 
artery ligated and the incision closed. The rabbits 
recovered from anesthesia before being returned to 
their cages. 



Protein and RNA analyses 

The rabbits were killed with ketamine and xylazine. 
The hearts were quickly removed and dissected. Left 
and right atria (LA and RA), left and right ventricu- 
lar free wall (LVFW and RVFW), interventricular 
septum (IVS) and anterior and posterior papillary 
muscle (APM and PPM) were weighed. Tissue 
samples were either frozen in liquid nitrogen for 
molecular analyses or processed for light and 
electron microscopy as described. 1 3 RNA expression 
was determined by Northern and RNA blotting 
using RNA isolated from LA, RA, LVFW, RVFW, 
IVS, APM and PPM. 14 Transcript expression was 
normalized to GAPDH expression with the RA and 
LA values averaged for atrial expression and the 
LVFW, RVFW, IVS, APM and PPM values averaged 
for ventricular expression. 

The mutant TG protein was analyzed by subject- 
ing isolated myofibrils (from LA, LVFW, APM and 
PPM) to SDS-PAGE. Protein was quantified by 
Western blotting with an anti-ELClv polyclonal 
primary antibody made against an 18-amino 
acid epitope (FJIPKEAEFDASKJKIEFT). Primary 



antibody was used at a dilution of 1 : 50 000 with 
a horseradish peroxidase conjugated secondary 
antibody. Quantitation was carried out via by 
chemilnminescence (Amersham) detection using a 
STORM 820 (Molecular Dynamics). TG protein 
replacement was calculated as VSV-tagged ELCIv/ 
(VSV-tagged ELCIv + endogenous ELCIv) and the 
total level of LV replacement determined by aver- 
aging the values for the LVFW, APM, and PPM. 
Statistical significance was determined by unpaired 
Student's t-test. 



Results 

The rabbit &C1v sequence and transgenic 
replacement 

A prerequisite for these studies was to obtain the 
rabbit cDNA, as we are reluctant to use cross-species 
contractile proteins in replacement strategy-based 
experiments. Multiple cDNA clones were isolated 
and sequenced [Fig. 1(b)]. ELCIv is highly conserved 
between the mouse, rat, rabbit and human. The most 
significant difference lies in the animo-terminus 
where an alanine/proline (A/P)-rich extension in 
smaller mammals becomes progressively shorter as 
species size increases [Kg. 1(c)]. Although the exact 
function of the A/P-rich region is not known, it 
appears likely that ELCIv modulates cross-bridge 
kinetics via this region. 15 - 16 A VSV epitope tag was 
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added proximal to the stop codon so that TG 
expression could be easily assayed. The DNA was 
then placed into the /?-MHC promoter construct 
[Fig. 1(a)] and used to generate TG rabbits. 1718 
Three founders were obtained and used to establish 
lines 4, 11 and 66. At maturity, lines 4 and 11 
demonstrated approximately 1.2-fold over- 
expression of ELClv and line 66 1.8-fold over- 
expression as compared to non transgenic (NTG) 
rabbits. Transgene copy number was 2, 7 and 14 
diploid copies for line 4, 11 and 66, respectively 
(data not shown). 

Transgenic protein expression was determined by 
Western blotting. At 6—8 weeks post-birth, line 4 
had 29% replacement of endogenous ELClv with 
ELClv Ml 54V and line 11 had 35% replacement. 
Line 66, the highest expressing line, showed 41% 
replacement (Fig. 2). Ventricular protein levels in 
the juvenile and adult (8-12 month) animals were 
assessed [Fig. 2(b)]. The average level of LV replace- 
ment was 24 ± 5% in line 4, 30 ± 2% in line 1 1 and 
33 ± 5 in line 66 (mean±SD, P< 0.05 line 11 vs 
line 4, P < 0.01 line 66 vs line 4; P = NS for line 1 1 vs 



line 66). The changes in transgene expression level 
observed over time as the juveniles mature is a 
phenomenon we have observed when using the 
mouse MHC promoters in rabbit and may be caused 
by position dependent effects on mouse promoter 
activity as well as subtle developmental modulation 
ofthepromoter'stranscriptionalactivation. 1 7 Clearly 
though, over a long period of time a significant 
portion of the ELClv consists of the mutant TG 
species. 

Morphometric analysis 

To determine if any hypertrophy was taking place, 
the hearts were subjected to morphometric analysis 
after the physiological experiments were completed 
(9—15 months). After dissection, the mass of the 
RVFW, LV (combined LVFW + IVS), APM and PPM 
were determined. No changes in body mass or 
chamber weights could be detected [Figs 3(a), (b)]. 




Figure 2 TG protein production, (a) Typical Western blot 
performed with a polyclonal primary antibody recognizing 
ELClv in myofibril extracts from the right atrium (RA) left 
atrium (LA), right ventricle (RV) and left ventricle (LV) of a 
5 week old line 66 rabbit, (b) Western blots as in (a) were 
performed on myofibril extracts from all three experi- 
mental lines and the histograms shown for LV samples at 
6-8 weeks (total column height) and at 8-15 months 
(shaded portion). 



APM PPM 



Figure 3 TG hearts do not hypertrophy, (a) Comparison 
of whole heart, RV and LV mass to body mass in the adult, 
1 year old animals, (b) Comparison of anterior and 
posterior papillary muscle (APM and PPM, respectively) 
mass to body mass. Data are shown as mean ± SD. There 
were no significant differences between the NTG and TG 
animals in any of the lines. 
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Molecular markers of hypertrophy 

A panel of transcript specific oligonucleotides 
complementary to the rabbit isoforms of a-MHC 
(5 '-CAGGCACTCGTGrTTATTGCGGGTTAACAAG- 
AGCGGGGTTC), fi-MHC (5'-GCGGA TCAACGC- 
GTCACCAGGCTATTCCTCATTCAAGCT), ELClv 
(5 '-CTCTGGCGTGAACTC GATCTTGATCTTGGAG- 
GCGTCGAACTCTGCC), atrial natriuretic factor 
(ANF) (5'-CTCA GATAAGGTGCAGTAACGACTCG- 
ATGCAATGAGATGAGACAAAGTGAC), SERCA2A 
(5 '-AGGTGTGTTGCTAAAAACGCACATGCACGCA- 
ACGGAACACCCTTACACTTCTGCAAAATG), phos- 
pholamban ( 5 '-TG ACGTGCTTGTTG AGGCATTTC- 
AATGGTTGAGGCCCTTCTTATAGCAGAGCGAGT- 
GAGG), cardiac actin (5 '-GGTGGCTCGGAAGACTC- 
CAAGA AGCATAATACTGTCATCCTGAACAC), 
skeletal actin (5 '-GCGAGCAGTGCGTGGGTGTG 
CGGTGGCAGCAGTGGAAGTTGT) and glyceralde- 
hyde phosphate dehydrogenase (GAPDH) (5'-CTG- 
AGGGCCTCTCGTCCTCCTCTGGTGCTCTCGCTG) 
were designed based on available GenBank se- 
quences or on sequence obtained in our laboratory. 
After confirrning the specificity for detecting their 
cognate sequences by genomic Southern analyses, 
the oligonucleotides were used to determine 
whether molecular markers of hypertrophy had 
been activated in the TG hearts. We found no signi- 
ficant activation of hypertrophy markers in either 
atria or ventricle of any of the lines in the adult 9—15 
month animals. Specifically, /?-MHC, ANF and 
skeletal actin were not up-regulated nor were 
SERCA2A and phospholamban down-regulated in 
the TG rabbits compared to NTG controls (data n6t 
shown). 




Figure 4 Myofibril function. pCa-force relationship of 
skinned ventricular fibers from Line 66 rabbits and NTG 
litterrnate controls at 6 weeks of age (n = 3 for each group). 
There was a subtle increase in calcium sensitivity in TG 
fibers. *P< 0.05. 



Skinned fiber analysis 

To identify any change in myofibril function caused 
by the Ml 54V mutation, skinned fiber analysis was 
performed on samples isolated from right ventri- 
cular papillary muscles of 6 week old Line 66 TG and 
NTG littermates. Percent replacement of endo- 
genous ELClv with the mutant species was con- 
firmed by Western blotting. In TG animals, we found 
a very subtle difference calcium sensitivity as 
evidenced by the pCa-force relationship (Fig. 4). 
There were no significant differences in unloaded 
shortening velocity (the "slack test"), maximum 
shortening velocity or maximum relative power 
(data not shown). 



Structural analyses 

Cardiac tissue was examined at both the light 
(hematoxylin and eosin and trichrome stains) and 
ultrastructural levels in an attempt to detect any 
morphological changes due to expression of the 
mutated ELClv (Fig. 5). Hearts from adult control 
and line 66 rabbits were assessed in blinded studies. 
Some cellular degeneration was evident in both 
cohorts, which was attributed to the necessary delay 
in fixation secondary to assessment of cardiac 
chamber mass. These changes were most pro- 
nounced at the ultrastructural level, but there 
were no detectable differences between the control 
and line 66 rabbits under any staining conditions. 



Functional analyses 

In order to detennine whether any functional 
changes had occurred, the animals were sedated 
with ketamine and examined by transthoracic 
echocardiography. Sixteen rabbits were imaged: 
seven NTG (mean age 3-13 months), four animals 
from line 4 (13 months), two animals from line 1 1 
(9 months) and three animals from line 66 
(4.5 months) (Table 1). There were no significant 
differences in interventricular septal thickness, pos- 
terior wall thickness, left ventricular end-systolic or 
end-diastolic dimension, shortening fraction, heart 
rate or papillary muscle dimension. None of the TG 
rabbits exhibited LV outflow tract obstruction (data 
not shown). Since FHC is a disease that manifests 
itself with age, 6 rabbits (3 TG and 3 NTG) from line 
11 and 2 rabbits (1 TG and 1 NTG) line 66 were 
studied at 1 year. No differences were detected. 

Cardiac catheterization was performed in rabbits 
older than six months (Table 2). Five control rabbits, 





Figure 5 (a) Five yu secHon of control rabbit left ventricular free wall with trichrome stain at 200 x magnification taken 
from a 6-month animal. Bar: 0.5 mm. (b) Comparable field in a line 66 mutant rabbit (c) Electron micrograph of control 
rabbit left ventricular posterior papillary muscle. Ban 0.77 ftM. (d) Comparable section from a line 66 mutant rabbit. 



7.5—14.5 months, four animals from line 4, two 
animals from line 1 1 and two animals from line 66 
were used. There were 2 deaths temporally related to 
the procedure. One line 4 TG died from presumed air 
embolism into a coronary artery during catheter 
positioning. In another case, we were unable to 
obtain arterial access in a NTG animal. He recovered 
from anesthesia uneventfully and exhibited normal 
activity the following day but was subsequently 
found with a fractured vertebral column two days 



after the attempted catheterization. This animal was 
euthanized immediately and the heart tissue taken 
for RNA and protein analyses. There were no 
significant differences among the four groups in LV 
systolic pressure, LV end diastolic pressure, aortic 
systolic pressure or aortic diastolic pressure. Inter- 
estingly, every rabbit had a measurable pressure 
gradient between the LV and ascending aorta 
(ALV-AAo). Since LV obstruction was not detected 
by Doppler echocardiography in any experimental 
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Table 1 Echocardiographic data 





TVS 


PW 


LVEDD 


LVESD 


SF 


HR 


APM 


PPM 


Control (n = 7) 
Iine4(n = 4) 
Line 11 (n = 2) 
Line 66 (n = 3) 


2.7±5 
2.9 ±1 
2.8 ±4 
2.8 ±5 


2.0 ±4 
1.4 ±8 
1.6±3 
1.7 ±4 


15.9 ±2.6 
14.5 ±1.4 
16.2 ±0.7 
16.8 ±1.0 


10.2 ±2.2 
7.6 ±3.1 

11.3 ±0.1 
10.6 ±1.2 


35.4 ±8 

47.5 ±19.9 
30 ±4.2 

3 7.3 ±3.5 


256±26 
233 ±53 
229 ±25 
212±21 


0.6 ±0.0 
0.55 ±0.1 
0.70 ±0.0 
0.67 ±.01 


0.63 ±0.1 
0.58 ±.05 
0.75 ±.07 
0.67±.15 



There were no significant differences in any parameter in any transgenic line vs control. IVS = interventricular septal thickness (mm). 
PW = posterior wall thickness (mm), LVEDD = left ventricular end-diastolic dimension (mm), LVESD = left ventricular end-systolic 
dimension (mm), SF = shortening fraction ([LVEDD-LVESDJ/LVEDD), HR = heart rate (beats per minute), APM = anterior papillary muscle 
diameter (mm). PPM = posterior papillary muscle diameter (mm). 



Table 2 Cardiac catheterization data 





LVSP 


LVEDP 


AAoP 


ALV-AAo 


Control (n = 3) 


100±7 


10±4 


85±5 


15±3 


Line 4 (n= 3) 


109 ±15 


16±5 


98 ±16 


11±2 


Line 11 (n = 2) 


104±25 


14±2 


84±17 


2±6 


Line 66 (n = 2) 


98±11 


12±1 


81±7 


17±3 



All values are mean ± SD. There were no significant differences 
in any parameter measured. LVSP = left ventricular systolic 
pressure (mmHg), LVEDP = left ventricular end diastoBc 
pressure (mmHg), AaoP = ascending aortic systolic pressure 
(mmHg), ALV-AAo = left ventricular-ascending aorta pressure 
difference (mmHg). 




Figure 6 Still frames from cineangiography of rabbit left 
ventricle. Images were obtained with the camera in the left 
axial oblique projection. The interventricular septum is 
profiled, (a) NTG and (b) line 66 rabbit hearts. 



group, the etiology of the measurable gradient at 
catheterization might be due to partial obstruction of 
a relatively small outflow tract by the catheter. The 
small size of the rabbit heart precluded measuring 
accurate pullback pressures from LV apex— >LV 
outflow tract (subaortic region) — > AAo, but we 
found no angiographic evidence of mid-cavitary 
obstruction or overt papillary muscle hypertrophy 
in any rabbit studied [Figs 6(a), (b)]. Contractility 



was qualitatively normal by contrast angiography 
and there were no significant differences in + dP/dt 
or -dP/dr (data not shown). 



Discussion 

While the mouse remains the most widely used 
species in transgenic investigations, the rabbit offers 
an experimental model with significant advantages 
for cardiovascular research. Compared to the 
mouse, the larger size and slower heart rate of the 
rabbit is advantageous for physiological analyses 
such as echocardiography and cardiac catheteri- 
zation. The rabbit heart also has a biochemical 
advantage. As in human hearts, the "slow" /?-MHC 
isoform is the predominant heavy chain expressed in 
mature rabbits. In both species, ELCla is expressed 
in the fetal ventricle with a switch to ELClv after 
birth. 19,20 ELClv has been detected in atria and 
ELCla in ventricle of overloaded human heart, 
although this switch has not been documented in 
overloaded rabbit heart. 19,21 Relative to the mouse, 
rabbit and human cardiomyocytes have an 
increased contribution from the sarcolemmal 
Na + /Ca 2+ exchanger for cytosolic Ca 2+ removal, 
with a lesser contribution from the SR-Ca 2+ ATPase 
pump. In contrast, the smaller rodent heart relies 
more heavily on SR-Ca 2+ ATPase as the primary 
mode of calcium removal. 22 Therefore, in terms of 
modeling human cardiac disease, the rabbit heart 
offers some unique opportunities. 

Direct comparisons of mouse and rabbit pheno- 
types can be made from data obtained in studying 
the human 0-MHC FHC mutation R403Q. 318 Using 
gene targeting, mice were made carrying the 
corresponding mutation in oc-MHC (since a-MHC is 
the predominant isoform in the mouse ventricle). 
Mice homozygous for the mutation die in the first 
week of life, and while heterozygotes demonstrate 
some of the features of FHC, the mouse phenotype 
diverges from human disease in several critical 
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aspects including a relatively small increase in 
ventricular mass and a more severe phenotype in 
males, findings not associated with human FHC 
due to the R403Q mutation. 3 2 3,24 Using the mouse 
j?-MHC promoter, jS-MHC R403Q was expressed in 
transgenic rabbits 18 enabling the mutation to be 
placed in the endogenous /7-MHC isoform. Trans- 
genic rabbits with 41% replacement of endogenous 
fi-MHC with the mutant protein showed a cardiac 
phenotype very similar to human R403Q disease, 
namely increased cardiac mass, histological evi- 
dence of myocyte disarray and interstitial fibrosis, 
and premature death. This model promises to be a 
valuable resource in the study of FHC and is a prime 
example of the importance of larger animal models 
of human cardiac disease since mice expressing the 
R403Q mutation in the endogenous a-MHC isoform 
do not completely recapitulate the human pheno- 
type resulting from R403Q on an endogenous 
/f-MyHC background, as is the case in rabbits and 
humans. 25 

We decided to model the human M149V ELClv 
mutation in the rabbit. Using the mouse /?-MHC 
promoter, we achieved 41% replacement of 
endogenous ELClv with Ml 54V early in life when 
the heart undergoes significant hypertrophy as 
rabbit body size increases rapidly. It must be noted 
that 41% replacement of endogenous ELClv with a 
species-specific mutant may not be comparable to 
the 41% replacement of endogenous /?-MHC with a 
human transgene achieved by Marian et al. 18 
Despite rigorous investigation of this model in fully 
mature adults, we could not find any evidence of 
cardiac hypertrophy or any significant cardiac 
pathology even in animals older than 1 year. One 
possible reason for the lack of phenotype is the 
relatively small cohorts available for study, which 
could cause a type II statistical error. It is possible 
that with larger experimental groups, a subtle 
phenotype may have been detected. However, we 
found nothing that even remotely resembled the 
dramatic mid-cavitary obstruction phenotype 
described in humans with the M149V mutation. 
Additionally, we might find a phenotype if we 
examined older animals. Since rabbits achieve 
sexual maturity at 5 months and generally survive 
5-6 years, the rabbits we studied would be con- 
sidered "young adults". Because it is formally 
possible that a phenotype might present if we were 
to examine a geriatric cohort, we are aging a cohort 
of Line 66 TG rabbits for analysis later in life. 
However, if disease were likely to develop, we would 
expect to find some of the hypertrophic markers 
activated in the 12—15 month animals, as these 
markers present well before any overt pathology 



becomes apparent. 3 Also, we would expect to find 
some evidence of myofibril dysfunction as the basic 
substrate for eventual hypertrophy. We examined 
skinned fiber kinetics and mechanics to assess for 
any detectable alterations in myofibril function at a 
young age (5 weeks) when cardiac maturation is 
ongoing and transgenic replacement is significant 
(41%). While there was a very subtle increase in 
calcium sensitivity in TG compared to NTG litter- 
mates, there was certainly no evidence that the 
Ml 54V mutation induced global changes in myo- 
fibril function that could culminate in cardiac 
dysfunction or hypertrophy. 

The results are consistent with data derived from 
transgenic expression of the comparable mutation in 
the mouse ELClv cDNA, where cohorts were main- 
tained until they died of old age. 9 Interestingly, the 
hearts of these animals had decreased left ventricu- 
lar mass, rather than the expected hypertrophic 
response. The results of single motor experiments 
performed in the mutant mice also contradicted 
those derived from experiments on human cardiac 
biopsy material from patients carrying the M149V 
mutation. In vitro motility assays performed with 
mutant human ventricular myosin showed 
increased actin translocation, 8 but in mutant 
mouse tissue this parameter was unaffected. 9 Rec- 
onciliation of these data sets with the data published 
by Vemuri et al. is problematic for several reasons, 
the most obvious being Sanbe's use of species specific 
mutant cDNA, as opposed to xeno-expression of a 
mutant genomic locus. 10 Regardless, in both the TG 
rabbits and mice that we have analyzed, the isolated 
M149V mutation is not sufficient to reproduce the 
human phenotype within the context of the 
endogenous ELClv protein species. 

This raises the broader question of how and when 
one assigns disease causality to an identified genetic 
defect. Koch's postulates, initially applied to the 
pathogenesis of infectious disease, are certainly 
worth consideration. In this case, the proposed 
causative agent is a mutation in the genomic 
sequence encoding ELClv. This agent was isolated 
from an affected human host, and when delivered 
in the genomic form to a mouse, produced cardiac 
pathology. However, in two separate experimental 
models (FVBN mice and New Zealand White 
rabbits), the mutated coding sequence for ELClv 
did not cause hypertrophic cardiomyopathy, indi- 
cating that the mutation cannot independently 
cause the FHC phenotype unless one invokes a 
specific interaction of the mutated amino acid only 
within the context of the endogenous human 
sequence. This remains a formal possibility 
since both our mouse and rabbit TG studies used 
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species-specific clones to avoid the confounding 
factor of functional differences across species. It is 
possible that strain differences could be responsible 
for the disparate phenorypes between the two mouse 
models, with C57B/J6 hybrid mice perhaps being 
more susceptible to hypertrophy than FVBN mice. 
Unexpected protein products arising from the 
human genomic sequence are yet another possi- 
bility. In our experiments, the potential for aberrant 
splicing events in heterologous genomic sequences 
was decreased by the use of cDNA clones. The data 
are therefore consistent with the hypothesis that the 
genesis of cardiac hypertrophy in patients carrying 
the M149V mutation is a more complex pheno- 
menon than just expression of an altered sarcomeric 
protein. Clues to the unusual form of mid-cavitary 
obstruction and papillary muscle hypertrophy seen 
in patients carrying the M149V mutation perhaps 
might be found in equally unusual skeletal muscle 
pathology reminiscent of primary mitochondrial, or 
"ragged red fiber" disease. 
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SUMMARY 

1. Gene transfer into the myocardium can be achieved 
through direct injection of plasmid DNA or through the delivery 
of viral vec tors, either directly or through the coronary vascula- 
ture. Direct DNA injection has proven extremely valuable in 
studies aimed at characterizing the activities of promoter ele- 
ments in cardiac tissue and for examining the influence of the 
pathophysiological sfatc or the myocardium on expression of 
transferred foreign genes. 

2. Viral vectors, in particular adenoviruses and adeno- 
associHled virus, are capable of transfecting genetic material 
with high transduction efficiencies and have been applied to a 
range of model systems for in vivo gene transfer. Efficient 
gene transfer has been achieved into the coronary vessels and 
surrounding myocardium by intracoronary infusion of 
adenovirus. 

3. Because the immunogenicity of viral vectors can limit 
transgene expression, much attention has been paid to strategies 
for circumventing this, including the development of new modi- 
fied adenovirus and adeno-associated virus vectors that do not 
elicit significant inflammatory responses. While cellular trans- 
plantation may prove valuable for the repair of myocardial tis- 
sue, confirmation of its vahic awaits establishment of a functional 
improvement in the myocardium following cell grafting. 

4. Because gene transfer into the myocardium can now be 
achieved with high efficiency in the absence of significant inflam- 
matory responses, the ability to regulate foreign gene expression 
in response to an endogenous disease phenotypc will enable the 
development of new effective viral vectors with direct clinical 
applicability for specified therapeutic targets. 

Key words: adenovirus, animal models of foreign gene 
delivery, gene therapy, gene transfer, myocardial ischacmia, 
myocardium, viral vectors. 



Correspondence: Howard M Prentice, Division of Molecular Genetics, 
Institute of Biomedical and life Sciences. Anuereuu College, University of 
Glasgow, 56 Dumbarton Road. Glasgow G 1 1 6NU, Scotland, UK. E-irmil: 
<gbga9 1 (shidcf gla.»c.uk> 

Received 3 tVcenihcr 1998; revision? April I999;accepted 14 April 1999. 



INTRODUCTION 

Analyses or gene expression and promoter function in the intact heart 
are now possible through the advent or direct injection techniques 
to efficiendy deliver plasmid and viral DNA into the myocardium. 
These techniques not ouly allow molecular genetic analyses of gene 
expression under different developmental and diseased states, but 
have also opened up new possibi lities for gene therapy. Gene transfer 
into the heart and coronary vasculature by direct injection of naked, 
emulsilied or encapsulufcd DNA is likely to have clinical as well as 
research applications in the very near future. 

Injection of plasmid DNA, naked or combined with various 
mixtures of canonic lipids, has resulted in detectable levels of foreign 
gene expression in vivo in both skeletal and cardiac muscle. Viral 
vectors, in particular adenovirus (Ad) and adeno-associated virus 
(AAV), iransfea genetic material with even higher transduction effi- 
ciencies and there is some debate about which transfer system is 
the best. 1 ' 4 We will give an account of the recent advances of gene 
transfer using the different viral and non-viral methods, illustrating 
(he important features of each approach. The strengths and weak- 
nesses ol" the current vector systems will be reviewed and we will 
examine how vectors conld be- optimized for long-term gene expres- 
sion. Finally, we will examine the potential for efficient delivery of 
these vectors in the clinical setting by intravenous injection and 
catheter-based techniques. 

GENE TRANSFER IN THE MYOCARDIUM: 
DIRKCT DNA INJECTION 

Studies on the regulation of gene expression in the myocardium have 
relied heavily on transfeclion into primary cells, in particular neo- 
natal cardiac myocytes and, to a more limited extent, adult myo- 
cytes. There arc still no well-defined cardiac cell lines, although 
Simian virus 40 (SV40) large T-lrunsformed atrial cells can be pas- 
saged and retain a cardiac phenotype. 5 Adult myocytes are difficult 
to isolate and maintain in culture for gene expression studies; they 
arc also difficult to transfect and tend to dedifferentiate in long-term 
culture. While a wealth of information has been obtained using rat 
neonatal cardiac myocytes, these systems have been criticized for 
being in viliv as well as neonatal and rodent and, therefore, no! an 
appropriate model for the analysis of heart function, neither diseased 
nor developmental. Although the neonatal rat cardiac myocyte 
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models have generated important information on Ihe regulation of 
gene expression in cardiac cells, as well as implications for disease 
responses, these results need to be validated in different species and 
in the context of the whole intact heart (in vivo). Cultures of human 
cardiac myocytes are likely fo be important in this respect 6 and the 
recent explosion in transgenic mouse studies has certainly featured 
prominently and is likely to continue to do so in the future. In our 
opinion, combinations of The three systems (vims delivery in virrn, 
transgenic and direct injection) will most efficiently generate a com- 
plete molecular and cellular pictuie of heart disease and develop- 
ment. Direct transfer of DNA into cardiac muscle or vasculature 
currently has advantages over transgenic experiments in being 
cheaper, applicable k> large as well as small animals and applicable 
to a wide range of developmental as well as disease models. Also, 
direct transfer of DNA into the adult catdiovascular system is - likely 
to precede germ-line manipulations in the context of gene therapy. 

In vivo Iransfcclibn has been especially attractive for the 
myocardium, in terms of the information that could be determined 
about promoter activation in the whole heart responding to physio- 
logical (and pathophysiological) function tinder the influences of 
naturally occurring mechanical and hormonal stimuli. It was first 
shown by Wolff et ah 1 that injection of naked plasmid DNA directly 
into skeletal muscle of mice permitted reproducible expression and 
high fidelity of the foreign gene's promoter function. Subsequently, 
tt was demonstrated that promoter chimeras injected into the heart 
responded appropriately to physiological hormonal stimuli 11 and. 
furthermore, that ra-actiog elements may ad differently in vivo com- 
pared with cell culture models' 'lite direct injection methodology 
combines some of the advantages of the in vitro Iransfection 
approach and of the transgenic mouse models iti its application to 
short-terra analysis or gene regulation. 

Direct DNA injection has been especially valuable for studies 
directed at characterizing the activities of promoter clcmcnls in 
cardiac tissue and for examining transcriptional responses to 
physiological stimuli. 10 It was first demonstrated by Kitsis et ai. that 
promoter elements transfected into the heart by direct DNA injec- 
tion were capable of tissue-specific regulation and could respond 
appropriately to alterations in thyroid hormone levels in vivo.* The 
technique of dirccl DNA injection has also been applied to die 
characterization of Ihe heart-specific activation properties of a 
156 b.p. promoter region located immediately 5' to the trans- 
criptional start site of the slow/cardiac troponin C (cTnQ gene." 
Other cardiac-spccific-'-promotcr domains for lite gene for (be M 
isozyme of creatine kinase and for a ventricular-specific myosin light 
chain have been similarly characterized hy direct injection of pl&smid 
constructs. The method of direct injection may also be useful for 



investigating the effects of specific pathophysiological states on 
cardiac gene expression, such as ischacmia, hypertension and pres- 
sure or volume overload.' 0 -' 3 - 13 

Many groups have den>onstratcd die expression of naked plasmid 
DNA in the rat heart.*- 12 -' 4 " 16 Our laboratory was the first to show 
that the pathophysiological state of the myocardium in vivo could 
dramatically influence the expression of transferred foreign genes'*-' 7 
(and vide infia). There have been some discrepancies concerning 
reported stability of plasmid-based transgenes in both skeletal and 
cardiac muscle, but it seems likely that long-term expression of 3 -4 
months is quite feasible. 18 A gradual decline of transgene expres- 
sion may be expecled due to the episomal localization of the DNA 
in post-mitolic cardiac and skeletal muscle cells. 

The capacity to take up and express plasmid DNA following direct 
injection appears lo be quite unique for striated muscle and does 
not occur in other organs at significant levels. The reasons for this 
are not clear, but it has been suggested that the cell damage and 
inflammation caused by the injection needle could mediate gene 
transfer by causing membrane disruption." From electron micro- 
scope studies on injected skeletal muscle, Wolff et ai.™ demonstrated 
that colloidal gold, conjugated to plasmid DNA, crossed the exter- 
nal lamina and entered T tubules and caveolae, while gold conju- 
gated with polylysine. polyethylene glycol or polyglutamale 
remained outside the fibres. These data suggest that DNA entry does 
not occur through transient membrane disruptions and does not 
appear to result from endocytosis. Wolff et ai. suggest an alterna- 
tive mechanism for DNA uptake by some type of cell membrane 
transporter, in particular via photocytosis. Microinjection of plas- 
mid DNA into Uie cytoplasm of primary rat myottibes resulted in 
DNA entry into post-mitodc nuclei through the nuclear pore by a 
process common to other large karyophilic macromoleculcs. 31 This 
understanding of plasmid DNA nuclear entry may provide a basis 
for increasing the efficiency of direct plasmid gene transfer into heart 
and skeletal muscle. Directly injected plasmid DNA results in higher 
transfection efficiencies in the myocardium than in skeletal muscle 
when both tissues are injected with identical plasmid DNA in the 
same manner. 8 While the reason for this is unclear, ii is possible that 
th'tferences ill structure of the T tubule system between skeletal and 
cardiac muscle may contribute to the discrepancies in transfection 
efficiency. 20 

Direct injection of naked plasmid DNA into the fuyocardium has 
only limited potential us h method for cardiac gene therapy because 
of the small n umber of eel Is per injection that express the transgene. 
Expression, as determined by histochemistry, appears to be local- 
ized around the site of injection with as few as 1 00-200 cells express- 
ing the gene product. 14 Several investigators have studied the 
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parameters affecting gene expression following direct DNA injec- 
tion. Increasing the quantity or DNA used for myocardial Iransfec- 
tion dkl not alter levels of foreign gene expression. 22 whereas 
increasing the volume of injectate. while maintaining a constant 
quantity of DNA (50 u.g in thin case) appeared to increase expres- 
sion from a luciferase-encoding plasmid. It has been further demon- 
strated that transfection efficiencies are higher with closed 
circularized DNA than with linearized DNA. 14 but tbe total number 
of expressing cells remains small and Ibc technique is probably only 
suitable for secreted gene products. 

A critical requirement for gene therapy protocols is the ability to 
achieve control of the foreign gene expression appropriately in the 
host Fishraan et alP have developed a lelracyline (let)-regulaled 
gene expression system, based on injection into adult rat hearts of 
aTet-repressor VP16 Iransactivator plasmid with a luciferase (luc) 
target gene. Using this system it was possible to induce luciferase 
expression by two orders of magnitude in response to small changes 
in input-controlled transact! vator DNA, allowing target gene expres- 
sion to be induced or repressed by altered antibiotic administrations. 

Our own studies have demonstrated that specific promoter ele- 
ments can be used to regulate transgene expression in response to 
physiological stress. 1 " " In our experiments, wc examined the degree 
of regulation of hypoxia-responsive promoter constructs in an 
experimental model of myocardial ischaemia with reperfusion. 
Hypoxia is a critical ;tnd obligatory component of ischaemic tissue 
awl solid tumours, where the hypoxic zone is restricted to the dis- 
eased tissue. It should lie possible to tightly regulate transgene 
expression in these diseased tissues through the use of hypoxia as 
an endogenous regulator. To investigate transgene regulation in 
myocardial ischaemia, wc constructed an expression plasmid con- - 
raining multiple copies of a hypoxia response element (HRB) from 
the crythropoctin gene placed upstream of a minimal oc-myosin 
heavy chain (a-MHQ promoter driving a luciferase reporter. In eel J 
culture, expression of this test promoter («-MHC86HRB) was highly 
muscle specific and was induced approximately 10- fold by hypoxia. 
In a rabbit model of 1 5 min myocardial ischaemia followed by reper- 
fusion, expression of the construct was induced by four- to five-fold 
at I and 4 h post-ischaemia. returning to basal levels by 8 h. 10 These 
result's show, for the first time, that il is possible to tightly regulate 
a transgene plasmid or virus vector in response to the disease pheno- 
type and this represents a significant milestone in gene therapy 
research. 

VECTORS FOR MYOCARDIAL GENE 
TRANSFER 

Retroviruses 

The retrovirus is a small RNA virus, packaged within a glycoprotein 
envelope. The life cycle of the retrovirus is now well characterized. 34 
Following infection into its host, the viral RNA is reverse-transcribed 
into a double-stranded DNA molecule that then becomes integrated 
into the cellular genome. By exploitation of this stable integration 
into the host genome following infection, it was «nticipnted that long- 
term expression of the recombinant gene would be achieved. 
However, as an unexplained loss of exogenous gene expression is 
frequent with retroviral vectors and integration of retroviral 
sequences is dependent on cell division," they may prove to be of 
Hide use for the myocardium. Nevertheless, initial experiments with 
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retroviral vectors carrying the p-gaiactosidase (P-£a0 gene showed 
promising results using ex vivo methods in heart and skeletal muscle; 
Salvatori et aL achieved 50* gene transfer efficiency in foetal 
myoblasts and adult satellite cells, which in turn led to expression 
in muscle fibres following in vivo transplantation. 26 A similar retro- 
virus carrying the fi-gal reporter gene was used for infection of 
murine foetal cardiac myocytes in culture, which were then trans- 
planted into syngeneic adult mice. 37 Histological analysis of the 
grafted hearts indicated expression of the P-gal gene product in the 
transplanted cells for as loug as 6 months and revealed an absence 
of in flam mation or scar tissue over this time period. 37 Clinical use 
of retroviruses as gene therapy vehicles may be limited hy the poten- 
tial for oncogenicity and inscnional mutagenesis. Retroviral proto- 
cols are also limited by the relatively low viral litres that can be 
obtained and by the limited size of foreign sequence they can accom- 
modate.^ 

Adenoviruses 

Replication-deficient adenovirus (Ad) are currently among the most 
efficient vectors for transferring genes to a wide variety of cell types 
in vivo. 2 -' in a comparison of gene transfer using plasnu'd DNA and 
recombinant Ad DNA, it was found that the efficiency of transduc- 
tion wilh Ad was at least an order of magnitude higher than that 
observed with plasmid DNA, tissue penetration was vastly improved 
and transgene expression was proportionately increased.' 9 Unique 
properties of adenoviral vectors include an exceptionally high effi- 
ciency of infection and the ability to accommodate large fragments 
of foreign DNA (up to 8 kb). Of particular importance for gene trans- 
fer to the myocardium is the property to efficiently infect both pro- 
liferating and terminally differentiated celts. Tn contrast with 
retroviruses. Ad can be prepared at much higher stock concentra- 
tions than retroviruses, with typical litres of 10" plaque-forming 
units (p.f.u.ymL, 1 0 000-fold higher than equivalent retroviral litres. 
Furthermore, the adenoviral genome remains cpisomal. so that the 
potential for oncogenesis and insertional mutagenesis is avoided. 

As with all current vectors, there are limitations to the use of the 
Ad. The first-generation of Ad5 vectors has most of the Ad genome 
and expresses multiple Ad proteins, including the penton protein, 
which is associated with cytotoxicity, particularly at a high multi- 
plicity of infection. 30 Virus capsid proteins also stimulate a humoral 
response, activating neutralizing antibodies, inflammation and 
elimination of both Ad vector and host cell.- 1 Second- and third- 
generation Ad vectors, in which a region of 28 kb spanning all adeno- 
viral coding sequences has been deleted, have recently been 
developed to circumvent the inflammatory responses associated with 
Ad infection. Such vectors, which require helper viruses for their 
generation. can accommodate large DNA fragments encoding 
multiple foreign genes. 32 

Adeno-associated viral vectors 

Because of the inflammatory responses associated with infection by 
Ad and other viral vectors, attention has been paid to the potential 
for using viruses that are defective in that they express no viral genes. 
Adcno-associated virus is an example of such a defective virus, 
devoid of viral genes but capable of permitting foreign genes to be 
packaged into a viral coal/- 35 This non-pathogenic human parvovirus 
differs from Ad in that it generally integrates into a specific site 
in the genome of the host cell and may provide for longer-term 
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transgene expression, although producing sufficiently high litres 
remains a problem. ,M Direct injection of AAV into rat hearts resulted 
in transgene expression 2 months after administration of the virus, 
with no detectable inflammatory response. 15 Delivery of an AAV 
vector into the coronary vasculature of pigs by percutaneous intra- 
arterial infusion using a routine catheter technique resulted iu expres- 
sion in cardiac myocytes for at least 6 months after injection, without 
toxicity or inflammation.* 5 ' 55 43 Because of its high infectivity and 
low i mmunogenicity, AAV gene transfer shows potential as a highly 
effective gene transfer vector for myocardium, in particular as 
method)! become available for increasing the yield of virus 44 and 
Tor increasing transduction efficiencies by infecting in the presence 
of Ad gene products.'" 

Herpes simplex virus 

The ability of Herpes simplex virus (HSV1) vectors to accommo- 
date very large foreign DNA fragments has rendered them attrac- 
tive as a gene transfer system with potential advantages over other 
viral systems. While HSVJ has been proposed as a candidate gene 
therapy vector for the nervous system because of its ability to latently 
infect neurons, it is also capable of infecting a range of other cell 
types where the vector may prove valuable if lytic infection can be 
inhibited. Coffin et al. achieved successful gene transfer in cardiac 
myocytes and vascular smooth muscle cells in vitro using three dif- 
ferent disabled HSV vectors, with an efficiency of transfection of 
the vascular .smooth muscle cells that was less than that observed 
with myocytes. In the rat heart in vivo, successful ttansfeciion was 
obtained with no apparent change in cellular morphology, suggest- 
ing negligible cytopathic effects. Mesri et at used a replication- 
defective HSV1 vector carrying file gene encoding the angiogenic 
factor vascular endothelial growth factor (VEGF) to infect fibroblasts 
in t'irro for subsequent transplantation studies. When the infected 
fibroblasts were injected into syngeneic mice, transgene expression 
was found to be capable of eliciting an angiogenic response. 45 This 
study pointed to the possibi! ity that a HSV 1 vector could have poten- 
tial for applications for inducing focal angiogenesis to ameliorate 
myocardial ischaemia. Because HSV I can transfer largo DNA frag- 
ments, such gene therapy vectors liiay be particularly applicable to 
myocardial disorders requiring large genomic substitutions or the 
'e genetic control regions. 
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MODEL SYSTEMS FOR IN VIVO GENE 
TRANSFER 



Haemagglotin virus of Japan 

The haemagglutin virus of Japan (HVJ) is an inactivated paramyxo- 
virus that has been used within a liposome complex that entraps 
DNA. In transfections of cardiac myocytes in culture, it whs shown 
that 90% transfection efficiency could be obtained and that foreign 
gene expression was delectable over 7 days.* 16 Iirtracoronary injec- 
tion of the HVJ/Jiposome complexes was also effective for providing 
efficient gene transfer into cardiac myocytes in vivo, with expres- 
sion lasting for 1 week. 4 ' Directly injected HVMiposomc DNA bus 
been shown to result in higher reporter gene expression 3 days after 
administration than that obtained from injection of naked plasmid 
DNA.*' Introduction of the HVJ/Iiposome complex containing a 
^-gal-encc•ding vector within die pericardium resulted in widespread 
staining of cardiac myocytes and fibroblasts. The HVJ-medialed 
gene transfer by direct infusion into the coronary artery resulted in 
staining of cardiac myocytes around the mierovascufature. 46 in vivo 
intracoroiiary infusion ofthc HVJ/Uposomc complex containing the 
heat-stiock protein 70 (HSP70) gene in rats resulted in enhanced 



) studies using small animal models 



In v, 

Several groups have assessed the specificity, efficiency and dura- 
tion of Ad-mediated gene expression in the myocardium , 3lA ' > -' u 
Stratford- Perricaudet el al.* 9 were the first group to demonstrate 
long-term in vivo gene transfer throughout mouse skeletal and 
cardiac muscles after intravenous administration of a recombinant 
adenovirus (1 X 10 9 p.f.u7inL). It was demonstrated that approxi- 
mately 0.2% of neonatal cardiomyocytes were transduced at 15 days 
after injection of the Ad. Reporter gene expression was found to per- 
sist, but decreased over a period of 12 months. In adult mice, intra- 
venous Ad administration resulted in less efficient gene transfer.** 
Guzman ei al. used a sub-diaphragmatic approach for myocar- 
dial gene transfer*" rather than die thoracic approach of previous 
studies* - '* in order to avoid the high mortality associated with intu- 
bation and ventilation. In an analysis of myocardial gene transfer 
in the nil by sub-duiphragmalic injection of 5 X lf/p.f.u. Ad or 
200 |ig plasmid DNA, 50 it was demonstrated that Ad delivery was 
considerably more efficient than plasmid injection. Adenoviral injec- 
tion resulted in significant foreign gene expression in cardiac 
myocytes, with maximal expression during the first week follow- 
ing injection, decreased transgene expression at 10-15 days after 
injection and no detectable foreign gene expression at 30 days. These 
investigators observed an acute inflammatory response in hearts 
injected with Ad. Because an inflammatory respoase has also been 
noted with plasmid DNA injection,'*-* 2 the authors suggest the 
inflammatory response may be related to injury produced by direct 
injection rather than to a stimulation of an immunological response 
to viral gene products. 

In vivo studies using large animals: Relevance to 



While many cardiac studies have been earned out in small animal 
models that may be informative in terms of cardiac function and 
ventricular performance under various inotropic and loading con- 
ditions, 55 it is important to use large animal models with physiol- 
ogy similar to that of a human and for consideration of potential 
applications to human gene therapy protocols. In a pig model, injec- 
tioii of replication-deficient recombinant Ad vectors carrying the Zv«r 
gene resulted in significant reporter gene activity detected at 3 days, 
increasing markedly at 7 days and then declining progressively at 
1 4 and 2 1 days. 5 * Comparable levels of foreign gene expression were 
found between plasmid and Ad injeclion but, when compared on, a 
molar basis (i.e. when normalized to the number of genes injected), 
Ad-mediaicd gene transfer was found to be 140000-fold more effi- 
cient than plasmid delivery. Injection of a fi-gtil-cncoding Ad 
resulted in foreign gene expression that was localized predominantly 
(o cardiac myocytes. The amount of reeombi nant protein expressed 
correlated closely with the quantity of virus injected in a lOOpJL 
volume; over a range of virus concentrations ranging from 0.7 X 
10' to 3.6 X lO'p.f.uyml.. No detrimental effects on ventricular 
function were found, although there was evidence of pronounced 
lencocytic infiltration in the virally infected myocardium. 511 In trying 
to circumvent the immune response, Kaplitt einI. K delivered an AAV 
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vector pcreutaneously by intra arterial infusion into the coronary 
vasculature of a pig. Delivery of this vector by a routine catheter 
technique resulted in transgene expression in cardiac myocytes for 
at least 6 months ufter injection without toxicity or inflammation. 13 

DELIVERY METHODS 

One of the key elements in successful gene transduction of the target 
cells is the method used in delivering the viral vector or plasmid 
DNA to the host cells. Initial attempts to programme recombinant 
gene expression in the myocardium were limited by low efficien- 
cies of gene transfer and by the need for intramyocardial injections 
of DNA or Ad. |i| '" , ' }3 Banetal. 57 described n more efficient method 
for gene transfer into both the coronary vessels and surrounding 
myocardium, using catheter-mediated gene transfer. Intracoronary 
infusions of Ad arc relatively non-invasive and can be performed 
pcrcutarteously using established cardiac catheterization techniques. 
Unlike direct injection into the myocardium, intracoronary infusion 
of Ad into the rabbit myocardium did not induce inflammation or 
myocardial necrosis. 5 ' As many as 32% of cardiac myocytes 
expressed the rceombiiuinl gene at 5 days following infusion, but 
only 0.01% of cells in four of seven animal* expressed the gene at 
1-2 months. However, levels of gene expression in the myocardium 
were 10 -50-fold higher by comparison with those obtained by direct 
DNA injection. In a similar study, Li et id. examined the feasibil- 
ity, efficiency and safely of Ad-mediated gene transfer in vivo into 
canine myocardium by percutaneous transluminal gene transfer 
(PTGT) using a needle catheter. 3 * Injections into (he left ventricle 
of dogs through a needle catheter inserted via a femoral artery were 
performed using cither replication-deficient Ad or plasmid, both 
expressing p-gal. Expression oHacZ was examined by hislochem- 
ical staining and quantified by measuring p-gal activity. In jection 
with 1.0 X 10'p.f.u. recombinant Ad induced lacZ expression at 
levels at least 10-fold higher than those obtained with a 50 u.g injec- 
tion of plHsmid-expressing lacZ, Foreign P-gal expression was 
detected within 24 h. peaked at 7 days and persisted for 2 weeks 
after gene transfer. The duration and levels of gene expression coin- 
cide with the results reported by Barr et a/. 57 A comparison of deliv- 
ery methods in porcine heart indicated that intramyocardinl injection 
of recombinant Ad was more efficient for short-term gene transfer 
than intracoronai-y infusion. 5 ' This observation was in contiast with 
data from intracoronary infusion of AAV using these standard 
catheterization techniques and demonstrating successful long-term 
gene transfer in the porcine model.* 5 As an alternative to intravas- 
cular administration, Lamping et a/. 59 have used an Ad encoding a 
nuclear-targeted p-gai to investigate vector delivery into the peri- 
cardial sac of dogs. One day after injection, transgene expression 
was observed in the parietal pericardium and left atrial (issue, with 
lower levels detectable in the right and left ventricles. Histochemical 
analysis indicated expression of the transgene in the visceral peri- 
cardium of atria and ventricles and, occasionally, in the epicardial 
myocytes, arterioles and venules. 59 

IMMUNOGENICITY AND NEW VECTOR 
DESIGN 

Because a major barrier in obtaining efficient gene linnsfcr has been 
the problem of transient foreign gene expression and an inflamma- 
tory response, it has become necessary to focus on the nature of the 
immune response and (o consider ways of circumventing it Studies 



aimed al identifying the immune effector involved in determining 
the longevity of virally delivered transgene expression have demon- 
strated that iinmuiiodeficient rats display higher levels and more pro- 
longed durations of foreign gene expression than immunocompetent 
rats.*" Ablation or CD4+ T cell activation at the time of vector 
administration has been used as a strategy for preventing cellular 
and humoral immunity. 61 By administration of immune-modulating 
agents, such as monoclonal antibodies to CD4+ cells and (o CD40 
ligand, it has been possible to prevent the effector response of CDS + 
T and B cells.'' 1 A comparable immunosuppressive effect has been 
reported in studies using transforming growth factor (TGF)-pl or 
villO. 44 

An alternative strategy to iiwnunomodulatioii is the development 
of hovel viral vectors that may elicit decreased immune responses. 
Heavily deleted gutless Ad vectors that arc depicted of all viral genes 
arc capable of encoding multiple foreign genes and cun retain (heir 
ability to infect target cell types. 67 "* 4 An Ad dodecahedron made of 
Ad pentons or penlon bases retains many of the properties of Ad ; 
including efficiency of entry and efficient release of DNAfrom cnck>- 
somcs, but may have the advantage of being non-imiaunogeuic. 64 
These gutless Ad vectors and die AAV vectors currently hold the 
most promise for the future as vectors for delivery of therapeutic 
genes to the heart and vasculature. 

CELLULAR TRANSPLANTATION 

Myocardial regeneration and autologous grafting 

Because the adult mammalian myocardium is incapable of regen- 
eration, considerable attention has been directed towards replacing 
damaged myocardium with new viable muscle.' 5 Cardiac myocytes 
transformed with SV40 large T antigen, which have been used in 
pilot experiments for grafting into hearts of syngeneic mice, were 
shown to fuse successfully with the host myocardium and were 
viable for as long as A months postimplantation. 0 " The transformed 
nature of the transplanted cells from these studies led to concerns 
over their unregulated growth potential. The grafts were not viable 
in the long term and there was no evidence for improved perfor- 
mance of the myocardium. 

In studies on the transplantation of skeletal myoblasts into ven- 
tricular myocardium, C2C12 skeletal myoblasts were shown to be 
capable of forming long-term differentiated grafts with evidence of 
intercalated discs and gap junctions with aligned cardiac cells and 
repressed myoblast proliferation in the hearts of syngeneic mice. 67 
Again, there was evidence of tomorigenesis and no evidence for 
improved cardiac function. Allogeneic and xenogeneic myoblasts 
injected into the anterior and posterior walls of the porcine left ven- 
tricle were successfully transplanted in immunosuppressed animals 
with no significant graft rejection.** No reports have yet claimed to 
sliow changes in myocardial function in response to cellular trans- 
plantation. 

Foetal cardiac myocytes have been successfully implanted into 
the hearts of adult mice with a demonstration of the presence of inter- 
calated discs between the grafted cells and the host myocardium.*' 
Following engraftment of foetal cardiomyocyles into the myo- 
cardium of dystrophic mice and dogs, there was clear morpliologlcal 
evidence of spontaneous fusion of host and donor ceHs. 70 Autologous 
transplantation of cardiac myocytes would be clearly preferable to 
avoid graft rejection, but the accessibility of donor cardiac myoblasts 
is likely to limit the clinical applicability unless there are break- 
throughs in regeneration research. Cardiac myocytes differentiated 
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in culture from embryonic stem cells" may eventually provide a 
source of cells/tissue for in vivo grafting experiments. 40 

One means of acliicving immunosuppression as well as delivering 
therapeutic genes has been to inject genetically engineered skeletal 
myoblasts into the myocardium or skeletal muscle where they secrete 
a foreign gene product. 727 ' Retrovirally transduced allografts, 
expressing TGF-p I under the control of the S V40 promoter or inter- 
leukin (II,)-10 gene under the control of murine leukaemia virus 
long-term repeat (Mul,V)-I.TR, displayed increased survival con- 
sistent with an induced immunosuppression. 71 

Cellular transplantation into scar or infarct tissue 
An alternative approach Tor myocardial repair may be to induce 
differentiation of skeletal muscle within cardiac muscle from trans- 
planted satellite cells. Skeletal muscle satellite cells are undiffer- 
entiated myoblasts that remain dormant under the basal lamina but 
become activated upon myoftbre injury, when they migrate towards 
the damaged site, enter a mitotic cycle and differentiate into skeletal 
muscle. 74 Satellite cells, when implanted into injured myocardium, 
can be influenced by the myocardial environment to display a cardiac 
myofibrc-likc phenotype. 75,76 Such cells implanted into a site of 
cryoinjury were found to differentiate into rmisclc fibres and showed 
evidence of intercalated discs. 1 * Such satellite cells may withstand 
a short-term ischaemic episode 77 and could provide a valuable 
myocardial repair strategy. Foetal myocardial tissue lias also been 
successfully transplanted into myocardial scar tissue with graft sur- 
vival from 7 to 24 days after infarction: a duration of viability that 
may support delivery of a range of therapeutic proteins. 78 
Implantation of neonatal skeletal myocytes into scar tissue resulted 
in the establishment of new muscle tissue that was capable of con- 
tracting wl>en electrically stimulated. 79 At duy 1, grafted cells were 
proliferating and did not express MHC and by 2 weeks the grafts 
began expressing (3-MHC, a characteristic feature of slow skeletal 
myocytes. Co-expression of embryonic, fast and 0-MHC continued 
over 3 months, consistent with conversion of the grafts to slow twitch 
fibres that could prove to be suited to a cardiac work load. 

MOLECULAR CARDIOMYOPLASTY 

Dynamic cardiomyoplasty is a therapeutic procedure that involves 
wrapping a synchronously paced skeletal muscle, usually the latis- 
simus dorsi, around the heart* 0 - 81 A potentially analogous gene 
therapy approach to cardiomyoplasty would be to use genetic manip- 
ulation to regenerate cardiac myocytes after myocardial infarction. 
On overexpression, the myogenic determination factor MyoD* 2 -* 5 . 
is capable of inducing skeletal muscle differentiation of a humbcr 
of cell types, including fibroblasts. A number of recent studies, 
including our own, have addressed the possibility that forced expres- 
sion of MyoD could be used for converting non-myocytes within 
itifarcled or scarred myocardial tissue with a positive therapeutic 
outcome.*"*' 5 We have demonstrated that overexpression of MyoD 
through retroviral delivery into primary neonatal cardiac fibroblasts 
hi culture will result in the formation of elongated multinucleated 
myoiiibcs. Upon delivery of the retrovirus by irrjection into infarctcd 
dog myocardium, we identified rare clusters of cells that stained pos- 
itive for skeletal mnscle-specitic skeletal fast MHC. M 

In healing rat hearts injured I week previously, it was found that 
cardiac granulation (wound repair) tissue could be successfully 



infected with a MyoD-encoding Ad. Infected cardiac granulation tis- 
sue expressed MyoD mRNA and there was evidence of strucnircs 
suggesting multinucleated myotnhes." 5 

SUMMARY/CONCLUDING REMARKS 

There have been major advances in myocardial gene transfer in 
recent years, with successful demonstrations of high transfeclion effi- 
ciencies, high-level transgene expression and regulation of foreign 
gene expression in a manner that would be applicable to gene therapy 
for the diseased myocardium. The principal methods for foreign gene 
delivery to the myocardium have involved direct introduction of 
transgenes into cardiac myocytes and grafting of cardiac myocytes 
or myoblasts that have been transfected ex vivo with a foreign gene. 
Both direct gene transfer and cell grafting have limitations. Initial 
studies on direct gene transfer by plasinid or viral vectors resulted 
in poor transfection efficiencies and a lack of sustained transgene 
expression in cardiac myocytes. While direct plasinid gene transfer 
is inefficient, delivery of Ad-based vectors has resulted in inflam- 
matory responses that elicit a shut-off of foreign gene expression. 
New modified Ad and AAV have been particularly effective for 
achieving high-level foreign gene expression in cardiac myocytes 
in the absence of a significant inflammatory reaction. Cellular trans- 
plantation may hold promise for repair of compromised myocardial 
tissue, but its application to gene therapy approaches must await the 
demonstration of a functional improvement in the myocardium 
following cell grafting. 

A critical requirement for an effective gene therapy vector is the 
ability to regulate levels of gene expression temporally and spatially 
in a manner that is appropriate to the disease state. While this could 
be achieved through hormone or drug-responsive promoters, this 
would require additional monitoring and exogenous administration 
of an additional drug that would result in clinical procedures thai 
do not significantly differ from tlrose of conventional medicine. Our 
recent demonstration of hypoxia-responsive transgene expression 
in a model of myocardial ischaemia with repcrfusion is the first 
demonstration of regulation of a transgene in response to an endog- 
enous disease phenotype that is fundamental for the development 
of future successful gene tlierupy vectors. 

As many of the initial concerns and limitations are becoming elim- 
inated, it is clear that foreign genes can be delivered to the 
myocardium with high efficiency and that appropriate vectors arc 
now available to ensure adequate gene transfer in the absence of 
significant inflammatory responses. The ability to regulate transgene 
expression appropriately for a particular disease phenotype will now 
permit development of new effective viral vectors for clinical appli- 
cations directed at therapeutically relevant targets. 
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RECOMBINANT ADENOVIRUS FOR TISSUE SPECIFIC EXPRESSION IN HEART 



This application claims the benefit of priority of United States 
Provisional Application Serial No. 60/099,960, filed September 11,1 998, 
5 which is incorporated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 
FIELD OF THE INVENTION 
This invention relates generally to a recombinant adenoviral vector 
construct and to methods for the study of gene function and gene therapy 
10 for heart disease and more specifically to methods of targeting tissue 
specific expression of a given transgene in cardiac tissue through use of 
inverted terminal repeat sequences from human adeno-associated virus. 



BACKGROUND INFORMATION 
Cardiovascular gene therapy represents a novel approach to the 

1 5 treatment of inherited and acquired heart disease. Gene transfer to the 
heart would allow for the replacement of defective or missing cellular 
proteins that are responsible for proper cardiac function. The control of in 
vivo cardiac function represents a complicated interplay between multiple 
genes, varied cell types, and environmental stimuli but the elucidation of 

20 this interplay remains dependent on a more complete understanding of the 
changes that occur at the molecular and cellular levels. Traditionally, the 
majority of human gene therapy protocols have relied on the ex vivo 
application of the therapeutic gene, through the introduction of a retroviral 
vector, to the affected cells or tissue. Because the ex vivo method of 

25 gene therapy depends on the removal from and reintroduction to the body 
of the target cells, the treatment of inaccessible or sensitive organs or 
tissue poses a major dilemma. The alternate strategy of direct in vivo 
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delivery of therapeutic genes to the target cells represents a preferable 
method of gene therapy. 

Targeted gene expression in somatic tissues is essential for both 
gene therapy and in vivo analysis of gene function, mainly through the 
5 substitution of an affected gene, using a safe and effective delivery 

system for the therapeutic gene. To date, recombinant adenoviruses have 
replaced the retrovirus as an efficient gene delivery vector for a variety of 
cell types and tissues (Yeh, et al., FASEB J 1 1 , 61 5-23, 1 997). 
Adenovirus vectors are highly efficient in the genetic modification of 

1 0 nondividing human cells and have the capacity to carry long segments of 
genetic information. The hurdle in using adenovirus as gene "delivery 
systems" is that when an adenovirus is administered to a patient to aid in 
the delivery of genes to specific cells, the patient's immune system may 
react against the virus. To overcome this hurdle, modifications have been 

1 5 made to make the adenoviral vector safer, less toxic to the cells and less 
likely to stimulate an immune response. This has involved removing the 
E1 region of the adenovirus gene which prevents the ability of the virus to 
express its own proteins required for making viral particles. In place of 
the El region, a therapeutic transgene can be inserted. The efficiency of 

20 this kind of exogenous gene delivery and subsequent expression can be 
high, as it does not normally integrate into the host genome, and it has a 
minimal effect on intrinsic host cell function (Baldwin, ef al., Gene Ther. 
4, 1 1 42-49, 1 997). However, while adenoviral vectors are capable of 
producing high levels of transgene expression, their capacity to infect and 

25 program transgene expression in large numbers of cells and tissue, 

including the liver and lungs, poses limitations. As a result of this high 
level of transient inf activity, methods have been undertaken to direct 
transgene expression to specific tissues or areas of the body. For cardiac 
tissue, a number of attempts have been reported utilizing recombinant 

30 adenoviruses to achieve transgene expression in the heart through either 
intra-myocardial or intra-coronary injection (Brody, et al., Ann. N.Y. Acad. 
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Sci. 716, 90-101, 1994; Barr, etal., Gene Ther. 1, 51-8, 1994; Kypson, 
etal., J. Thorac. Cardiovasc. Surg. 115, 623-30, 1998). While direct 
injection of viral particles into the myocardium or cardiac cavity have been 
shown to be more efficient for gene delivery to the myocardium, infection 
5 and transgene expression also occurs in non-cardiomyocytes, which 

causes speculation that any specificity of transgene expression that exists 
is achieved by targeted delivery rather than restricted transcription (Kass, 
etal., Gene Ther. 1, 395-402, 1994; Kass, etal., Methods Cell Bio. 52, 
423-37, 1997). As a result, ectopic expression, particularly in liver and 

1 0 other tissue, remains a significant limitation for the generalized use of 
recombinant adenoviruses for gene transfer to specific cell types within 
the cardiovascular and other organ systems. 

In most recombinant adenoviral vectors, the E1a region of the 
adenovirus genome, which encodes the protein with properties for 

1 5 transcriptional regulation, is deleted and replaced by a minigene "cassette" 
that typically includes a promoter of choice, the transgene coding region, 
and a polyadenylation signal (Yeh, et al., FASEB J 1 1, 61 5-23, 1 997). 
One possible approach to achieve tissue- specific transgene expression 
using adenoviruses is to employ cellular gene promoters that possess cell- 

20 type specificity at the transcriptional level, rather than commonly used 
viral gene promoters that have a high level of expression, but lack tissue 
specificity. In the past, a number of studies have utilized different cell 
promoters to achieve targeted transgene expression in various tissues, 
including smooth muscle (Kim, etal., J. Clin. Invest. 100, 1006-14, 

25 1997), pancreas (Dusetti, etal., J. Biol. Chem. 272, 5800-4, 1997), 

endothelium (Morishita, etal., J. Biol. Chem. 270, 27948-53, 1995), lung 
(Strayer, etal., Am. J. Respir. Cell Mol. Bio. 18, 1-11, 1998), and several 
kinds of tumors ( Su, etal., Proc. Natl. Acad. Sci. USA 94, 13891-6, 
1 997; Siders, et al.. Cancer Res. 56, 5638-46, 1996). Similar attempts 

30 using cardiac-specific promoters such as the myosin light chain-2 (MLC- 
2v) and the aipha-myosin heavy chain (oc-MHA) promoters, in the context 
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of adenoviruses, however, have not been wholly successful in providing 
tissue-restricted gene expression in vivo (Kim, et al., J. Clin. Invest. 100, 
1006-14, 1997). These results suggest that adenoviral genomic 
sequences surrounding the deleted E1a region may be responsible for at 
least partial specificity of the adjacent cellular promoter. It has also beerr- 
suggested that sequences around the E1a region may contain negative 
regulatory elements that act in modulating the specificity and activity of a 
cellular promoter (Shi, et al., Hum. Ther. 8, 403-10, 1997). This 
undesirable property of adenoviral vectors has limited their application, 
especially in the context of in vivo studies where tissue specific 
expression of the transgene is required. 

Thus, the need remains for a transgene expression system utilizing 
recombinant adenoviral vectors that are tissue specific for use in in vivo 
and in vitro gene therapy and gene function analysis for both neonatal and 
adult subjects. The present invention satisfies this need and provides 
related advantages as well. 

SUMMARY OF THE INVENTION 

The present invention provides a human type-5 recombinant 
adenovirus vector to achieve cardiac restricted transcription in both 
neonatal and adult subjects utilizing the cardiomyocyte-restricted cardiac 
ankyrin repeat protein (CARP) promoter in cooperation with the inverted 
terminal repeat (ITR) sequences from human adeno-associated virus 
(AAV). Such a combination is effective in achieving cardiac tissue- 
specific transcription of the transgene both in vitro and in vivo. 

The invention further provides a method to achieve tissue targeted 
expression of a given transgene in cardiac tissues in both neonatal and 
adult subjects. Such a method has significant applications in both gene 
function studies and gene therapy for inherited and acquired heart 



WO 00/15821 



5 



PCT/US99/20730 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows the constructs of recombinant adenovirus vectors. 
All recombinant adenovirus vectors were generated through homologous 
recombination between pJM17 plasmid DNA and the specific shuttle 
5 plasmid DNA in 293 cells. 

figure 2 shows a Northern-blot analysis of the relative cell-type 
specific transcription of GFP in cultured cells following adenovirus 
infection. RNA from uninfected, control and infected cardiac myocytes 
were subject to Northen-blot analysis using GFP coding sequences as a 
1 0 probe and normalized by hybridization signals for GAPDH mRNA. 

figure 3 shows a Southern-blot analysis of the relative cell-type 
specific transcription of GFP in cultured cells following adenovirus 
infection. DNA from control or infected cells were digested with Notl and 
Xhol restriction enzymes and the GFP expression was detected at 
1 5 approximately 3.0 kb size for Adv/CMV/GFP and 760 bases for 
Adv/CG/ITR. 

figure 4 shows a Northern-blot analysis of the level of GFP 
transcription in mouse heart and liver following intra-cardiac injection of 
adenovirus vectors. 

20 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention provides a means for achieving cardiac 
restricted transcription of a transgene in both neonatal and mature cardiac 
tissues through the use of a recombinant adenoviral gene delivery vector 
which is engineered to contain a cardiomyocyte-restricted CARP promoter 

25 in conjunction with inverted terminal repeat sequences from human 

adeno-associated virus, the sequences of which are incorporated herein by 
reference. In the construction of adenovirus vectors, it is most common 
to delete the majority of the E1a and E1 b regions of the serotype 5 
adenovirus gene to prevent replication of the adenoviral DNA. A 

30 prototypical vector is constructed by inserting the desired exogenous 
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genetic information, including the left hand end inverted terminal repeat 
(ITR), signal enhancers, promoters for the expression of the desired 
exogenous gene, and a polyadenylation signal, into the former E1 position 
of the adenovirus. Fu, ex al. {Nat. Biotechnol. 1 6, 253-7, 1 998) 
5 incorporated herein by reference, have reported an unusual property of the 
inverted terminal repeat (ITR) sequences, specifically of adeno-associated 
virus (AAV). Adeno-associated viruses are satellite viruses derived from 
replication-deficient parvovirus and most often found in association with 
adenovirus or herpes simplex virus. The wild-type AAV is non pathogenic 

10 and can site specifically integrate into a host genome, can transduce 
nondividing cells, and does not induce an immune response which could 
destroy the transduced cells. Fu, et al. have shown that the inclusion of 
both the left and right end segments of the AAV-ITR sequences imparts 
the ability to enhance the level as well as tissue specificity of the 

1 5 transgene expression using viral gene promoters or tissue-specific cellular 
gene promoters in developing Xenopus embryos. Further, Philip, et al. 
(Mol. Cell Bio. 14, 241 1-8, 1 994) have demonstrated that the inclusion of 
both the left and right end AAV-ITR sequences in mammalian plasmid 
constructs results in the enhancement of efficiency and stability of 

20 transgene expression. In the context of a recombinant adenovirus vector, 
inclusion of both the left and right end ITR sequences from adeno- 
associated virus has the ability to enhance tissue specificity of the 
exogenous transgene expression when a cardiac restricted promoter is 
utilized. 

25 In order to achieve targeted gene expression in the cardiac tissue, 

the 213 base pair, 5' flanking promoter fragment of the CARP gene was 
selected to direct the transgene expression. Three separate lines of 
transgenic mice were created which harbored various CARP promoter/ fi- 
galactosidase reporter genes for the purpose of studying this 5' flanking 

30 CARP promoter. CARP, a cardiac ankyrin repeat protein, is a putative 
downstream regulatory gene in the homeobox gene Nkx2-5 pathway 
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which regulates the expression of the ventricular myosin light chain-2 
(MLC-2v) gene (Zou, etal.. Development 124, 793-804, 1997). Studies 
have identified an essential GATA-4 binding site in the proximal upstream 
regulatory region of the CARP gene and cooperative transcriptional 
5 regulation mediated by Nkx2.5 and GATA-4. This cooperative regulation- 
is dependent on the binding of GATA-4 to its cognate DNA sequence in 
the promoter, which suggests that Nkx2.5 may exert its control on the 
CARP promoter, at least in part through GATA-4. As used herein, the 
term "homeobox gene Nkx2-5" refers to the murine homologue of 

10 Drosophila gene tinman which has been previously shown to be required 
for heart tube looping morphogenesis and ventricular chamber-specific 
myosin light chain-2 expression during mammalian heart development. 
Ventricular myosin light chain-2 (MLC-2v), one of the earliest markers of 
ventricular regionalization during mammalian cardiogenesis, has been the 

1 5 subject of numerous studies seeking to identify the molecular pathways 
that guide cardiac ventricular specification, maturation and 
morphogenesis. These studies have identified a 28 base pair HF-1a/MEF- 
2 c/s-element in the MLC-2v promoter region which appears to confer the 
cardiac ventricular chamber-specific gene expression during cardiogenesis 

20 as well as showing that the ubiquitous transcription factor YB-1 binds to 
the HF-la site in conjunction with a co-factor. Moreover, data further 
indicates that regulatory elements within the 5' flanking region of the 
CARP gene are capable of directing region-specific (atrial vs. ventricular 
and left vs. right) transgene expression in the heart. The 213 base pair 

25 sequence element in the 5' flanking region of the CARP gene appears to 
be sufficient to confer conotruncal-specific transgene expression. 

CARP forms a physical complex with YB-1 in cardiac myocytes and 
endogenous CARP seems to be localized in the cardiac myocyte nucleus. 
Zou, et al. [Development 1 24, 793-804, 1 997) have demonstrated that 

30 CARP CBn negatively regulate HF-1-TK minimal promoter activity in an HF- 
1 sequence-dependant manner in cardiac myocytes as well as displaying 
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transcriptional inhibitory activity when fused to a GAL4 DNA-binding 
domain in both cardiac and non-cardiac cells. Analysis using a standard 
Northern-blot protocol indicates an enriched level of CARP mRNA in the 
myocytes of cardiac tissue, and to a lesser degree in skeletal muscle, and 
5 that endogenous CARP expression can be upregulated in heart and other- 
tissue upon induction of cytokine activity (Chu, et al. , J. Biol. Chem. 270, 
10236-45, 1995; Jeyaseelan, et al., J. Biol. Chem. 272, 22800-8, 
1997). 

Cytokines play a critical role in the control and maintenance of the 

10 signaling pathways that regulate mammalian physiology in multiple organ 
systems. Their widespread importance is reflected in the extensive tissue 
distribution of cytokine networks, where a deficiency in cytokine signaling 
components can result in multiple organ defects. In a study by Hirota, et 
at. [Cell 97, 189-198, April 16, 1999) incorporated herein by reference, 

1 5 researchers explored the role of IL-6 related cytokines in the pathogenesis 
of cardiac failure, which is the leading cause of combined morbidity and 
mortality in the United States and other developed countries. In response 
to chronic increases in blood pressure and blood volume overload, as is 
common in myocardial injury, the heart responds by becoming enlarged in 

20 order to maintain normal cardiac function, a process known as 

compensatory hypertrophy. CT-1 , a member of the IL-6 cytokine family, 
can activate the onset of myocyte hypertrophy in vitro and has been 
shown to be vital as a potent myocyte survival factor in cardiac muscle 
cells by blocking the onset of cardiomyocyte apoptosis. There is further 

25 evidence that the presence of cytokine receptor gp130 expression in 
cardiac myocytes can lead to compensatory cardiac hypertrophy, thus 
delaying the onset of cell apoptosis and ultimately, heart failure. A 
deficiency in the gp130 cytokine receptor signaling pathway often results 
in severe cardiac defects in developing embryos possibly leading to an 

30 early lethality In utero. A therapeutic strategy of introducing the 

transgene coding region of gp1 30 directly into the embryonic heart cells 



WO 0015821 



9 



PCTAJS99/20730 



using the tissue specific adenoviral vector delivery system of the present 
invention, while still in utero, may be a viable treatment option. Similarly, 
introduction of the gp130 gene into mature cardiac myocytes under 
constant biomechanical stress, through attachment to the cardiac specific 
5 CARP promoter of the present invention, may initiate expression of the - 
gp130 cytokine receptor pathway, resulting in enhanced cardiac 
compensatory hypertrophy, offsetting cardiomyocyte apoptosis, and thus 
averting cardiac failure. 

Generation of recombinant adenovirus vectors 

10 The recombinant adenovirus vector of the present invention was 

constructed through homologous recombination between shuttle plasmid 
DNA containing the transgene and pJM1 7 plasmid DNA containing the 
entire genome of the human type-5 adenovirus, the method of 
construction described by Wang, et al., J. Biol. Chem. 273, 2161-8, 

15 1 998, for the generation of Adenovirus/CMV vectors. The f. coli host 
containing plasmid pJM17 that includes DNA of the entire genome 
replication defective human type-5 adenovirus has been deposited as 

ATCC Accession No. in the American Type Culture Collection, 

10801 University Blvd., Manassas, Virginia 20110-2209, U.S.A., under 

20 the terms of the Budapest Treaty on the International Recognition of 
Deposits of Microorganisms for Purposes of Patent Procedure and the 
Regulations promulgated under this Treaty. Samples of the deposited 
material are and will be available to industrial property offices and other 
persons legally entitled to receive them under the terms of the Treaty and 

25 Regulations and otherwise in compliance with the patent laws and 
regulations of the United States of America and all other nations or 
international organizations in which this application, or an application 
claiming priority of this application, is filed or in which any patent granted 
on any such application is granted. 
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The shuttle plasmid, pAdv/CARP, was assembled with a 2.5 
kilobase CARP promoter, excised from the 5' flanking region of the CARP 
gene and inserted between the Bam H I and Xho I sites of pXCJL2. (The 
E. coli host containing plasmid pJM17 including DNA of the entire genome 
5 of the human type-5 adenovirus containing the insert murine CARP - 

promoter sequence has been deposited as ATCC Accession No. .) 

The resulting construct was shown to be sufficient to confer cardiac- 
restricted marker gene expression in cultured cells and transgenic mice. 
(See Zou, era/. {Development 124, 793-804, 1997).) 

10 With the elucidation of CARP function, this 2.5 kilobase CARP 

promoter was thus used to generate an adenovirus/CARP/marker 
construct, using a green fluorescent protein (GFP) gene as a visual 
reporter for identification of adenovirus/CARP promoter activity following 
in vitro and in vivo administration of the adenovirus construct. To 

1 5 construct the reporter gene, GFP coding sequences were excised from 
pEGFP-N1 (Qontech, CA) through Bam HI and Afl III digestion, and 
inserted into the Xho I site of pAdv/CARP to generate pAdv/CG. The 
resulting recombinant adenovirus was designated Adv/CG. 

In order to determine whether inclusion of AAV ITR sequences in 

20 the adenovirus genome has the ability to enhance tissue specific 

expression of the transgene, the DNA fragment containing the CARP 
promoter and GFP coding sequences was removed from pAdv/CG through 
Bam HI and Sal I digestion and subsequently insetted into the Xho I site of 
the pAdv/AAV plasmid, which is derived from pXCJL2 containing two 

25 copies of the AAV ITR sequence. The resulting plasmid, pAdv/CG/ITR, 
was used to generate a recombinant adenovirus, designated as 
Adv/CG/fTR, using transformation techniques known to those in the art. 
Figure 1 provides a diagrammatic representation of the recombinant 
adenovirus constructs. All recombinant adenovirus vectors were plaque- 

30 purified using standard methods and analyzed by PCR for the presence of 
the transgene in the viral genome. High titer viral stocks were prepared 
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by a single ultracentrifugation on a CsCI gradient as described by Wang, 
et a!., J. Biol. Chem. 273, 2161-8, 1998, the technique well known in the 
art. 

Cardiomyocytes and cardiac fibroblast culture and adenovirus infection - 
5 To establish the cardiac tissue specificity of the adenoviral vector of 

the present invention, primary ventricular myocytes and cardiac fibroblasts 
were prepared from 1 - 2 day old Sprague-Dawley rats using a Percoll 
gradient method as described by Iwaki, et al., J. Biol. Chem. 265, 1 3809- 
1 7, 1 990. Cardiac fibroblasts were isolated from the upper band of the 

1 0 Percoll gradient, and subsequently plated in high glucose Dulbecco's 
modified Eagle's medium supplemented with 1 0% fetal bovine serum. 
Myocytes were isolated from the lower band of the Percoll gradient and 
subsequently plated in 4:1 Dulbecco's modified Eagle's medium; 199 
medium, 10% horse serum and 5% fetal bovine serum. The cardiac 

1 5 fibroblasts and myocytes were infected with the recombinant adenovirus 
at varied multiplicity of infection (M.O.I.) 24 hours after isolation and were 
then incubated for an additional 48 hours before being subject to DNA, 
RNA, and fluorescent photomicroscopic analysis. 

RNA and DNA analysis 

20 RNA samples were prepared from cultured cells and mouse tissues 

using RNAzol B solution according to the manufacturer's protocol (TEL- 
TEST, Texas). Northern blot hybridization was performed according to a 
standard protocol, familiar to those of skill in the art, using GFP coding 
sequences to generate a P 32 labeled probe. Total DNA, purified from 

25 cultured cells and mouse tissues, were prepared using the protocol as 
directed by a Purogene DNA isolation kit, and then digested with the 
restriction enzymes Xho I/Not I for Southern blot analysis using the same 
P 32 labeled GFP coding sequence probes as used in the Northern blot 
hybridization. 
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In vivo adenoviral injection into neonatal mouse heart 

Using the procedure of high efficiency, long term expression via 
adenoviral vector injection into neonatal mouse as described by Brody, et 
al., Ann. N.Y. Acad. Scl. 716, 90-101, 1994, 1-day old mouse neonates 
5 were anesthetized by hypothermia at 4 °C for 2 minutes. 10^1 of viral - 
solution, containing 2 x 1 0 s viral particles, were injected directly into the 
cardiac cavity using a flame stretched capillary tube mounted on a 
micromanipulator. Flashback of pulsatile blood in the capillary tubs gave 
positive indication of correct intracavitary placement. The subject 
10 neonatal mice were allowed to recover by rewarming at room temperature 
and were then placed back with the mother for a 48 hour period. At the 
end of the 48 hours, the neonatal mice were sacrificed, and the heart and 
liver were removed from the body for DNA, RNA and fluorescent 
photomicrographic analysis. 

1 5 Mouse embryo culture and microinjection of adenovirus vector 

The preparation of rat serum was by the method as described by 
Cockroft, et at.. Dissection and Culture of Post-Implantation Embryos. 
1990 (IRL Press, Oxford, England). Whole mouse embryos were cultured 
according to the method of Sturm and Tarn, Methods Enzymol. 225, 1 64- 

20 90, 1993. As per the protocol, timed pregnant female mice were 
sacrificed by cervical dislocation. The uterus was dissected from the 
body and rinsed in phosphate buffered-saline |PBS) to remove any residual 
blood and then transferred to a sterile receptacle containing PB1 media 
(1 37 mM NaCI; 2.7 mM KCI; 0.5 mM MgCI 2 ; 8.04 mM Na 2 HPO„, 1 .47 

25 mM KH 2 P0 4 ; 0.9 mM CaCI 2 ; 0.33 Na pyruvate; 1g/L glucose; 0.01 g 
phenol red, pH 7.35; 100 ml/L streptomycin; 100 U/ml penicillin; all 
reagents from Sigma Biochemicals, St. Louis, MO.). Embryos of 1 1 days 
post coitum (E1 1) were dissected from the uterus and the decidual and 
Riechert's membrane removed. The embryos were separated from the 

30 yolk sac and amnion, which had been left attached during dissection to 
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ensure continuity of the vessels connecting the embryo to the yolk sac or 
the umbilical vessels from the embryo to the placenta. The isolated 
embryos were then transferred to pre-equilibrated media (consisting of 
50% rat serum which was continuously gassed (95% 0 2 , 5% C0 2 )) in 
5 roller culture bottles placed on a rocker table and incubated at 37°C. 
After one hour in culture, the embryos were placed in a petri dish and 
microinjected into the left ventricle using a 6 diameter glass pipette. 
The micropipettes had been previously prepared using a multistage pipette 
puller (Suter Instrument Co., Novato, CA) to pull 1 mm glass capillary 

1 0 tubes into the 6 ^m needle configuration. Each micropipette was 
attached to a MX-1 10-R 4 axis, manual micromanipulator (Newport 
Instruments, Newport, CA) using electrode holders. Intracardiac injection 
of 1 ijS of a high titer viral solution (2x1 0 s ) proceeded at a low-flow rate, 
on the order of 0.2 to 0.5 tA per second (2 to 5 seconds for one 

1 5 microliter.) 



The ability to target transgene expression in in vivo cardiomyocytes 
represents a new and powerful approach to study and manipulate specific 
gene function during the process of cardiac development as well as the 
treatment of heart disease using gene therapeutic technology. The 
strategy of using a cardiac-restricted cellular promoter in combination with 
both the right and left hand ITR sequences from AAV (SEQ ID N0:1 and 
SEQ ID NO:2, respectively) to achieve cardiac specific transgene 
expression in both embryonic and post-natal heart tissue distinguishes the 
present invention from other recombinant adenoviral vectors currently 
found in the art. Further, the inclusion of both AAV-ITR sequences in the 
context of a cardiac-restricted recombinant adenovirus vector preserves 
the tissue-specificity of the cellular promoter activity both in vitro and in 
vivo and, when combined with a targeted delivery system, makes the 
present invention significant as gene based therapy to treat heart disease 
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as well as providing a method to study specific gene function in 
embryonic and post-natal heart. 

As previously reported in the studies of Fu, et al. and Phillip, era/., 
the presence of AAV-UR sequences in mammalian cell systems, as well 
5 as in developing Xenopus embryos, has the effect of enhancing transgene 
expression. The reports of studies of Fu, et al. and Phillip, er a/, are 
incorporated herein by reference. While experiments in Xenopus embryos 
suggest that fTR sequences facilitate DNA segregation among replicating 
cells, other studies implicate AAV- ITR sequences in enhancing genomic 

10 integration after transaction, at least in an in vitro setting. 

Regardless of the mode of action, adenovirus DNA remains mostly 
in episomal form in infected cells. Since cardiac myocytes, on their own, 
do not demonstrate robust replication after birth, it is unlikely that these 
two properties contribute significantly to the enhancement of tissue 

1 5 specificity in heart tissue. An alternative mechanism that has also been 
implicated in Xenopus studies is that AAV-ITR has insulating properties 
that shield the flanked transgene from the effects of other regulatory 
elements within the adenoviral genome. In fact, this mode of action has 
support from findings establishing the existence of negative regulatory 

20 elements located around the adenovirus E1a region that can modulate the 
specificity of the adjacent cellular promoter. Two previous studies from 
Franz, et al. (Cardiovasc. Res. 35, 560-6, 1 97) and Rothman, et al. (Gene 
Ther. 3, 919-26, 1996) have also reported the generation of 
cardiomyocyte-specific adenoviruses using the MLC-2v promoter but not 

25 with a-MHC promoter even though both promoters have cardiomyocyte- 
specific transcriptional activity. The reports of studies of Franz, et al. and 
Rothman, et al. are incorporated herein by reference. The lack of 
transgene expression of Adv/CG (CARP promoter without AAV ITR) 
indicates that the specific transcriptional activity of a cellular promoter is 

30 subject to significant influence by the surrounding adenovirus genome. 
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Therefore, inclusion of AAV ITR provides a general strategy to achieve 
tissue-specific transcription using other cellular promoters. 

Hammond, et al. (U.S. Patent No. 5,792,453) have reported a 
replication defective adenovirus vector comprising a transgene coding for 
an angiogenic protein or peptide that can be targeted to the myocardium - 
of a patient by intracoronary injection directly into the coronary arteries, 
for the treatment of myocardial ischemia. In order to deliver these 
angiogenic proteins, which may include aFGF, bFGF, FGF-5 (fibroblast 
growth factors) and VEGF (vascular endothelial growth factor), Hammond, 
et al. rely on ventricular myocyte-specific promoters, namely the 
promoters from MLC-2v and a-MHC, to achieve targeted delivery. 
However, as has been established by the method of the present invention, 
myocardial expression of the angiogenic transgene in the cardiomyocytes 
is more likely the result of direct cardiac application of the adenoviral 
vector rather than the use of the MLC-2v or a-MHC promoters. In 
addition to the CARP gene promoter (SEQ ID NO: 3), the AAV-ITR 
sequences (SEQ ID NOS: 1 and 2) of the present invention can be used 
with other cardiac restricted promoters, including: 

1 . a-myosin heavy chain gene 

2. 6-myosin heavy chain gene 

3. Myosin light chain 2v gene 

4. Myosin light chain 2a gene 

5. CARP gene 

6. Cardiac a-actin gene 

7. Cardiac m2 muscarinic acetylcholine gene 

8. ANF 

9. Cardiac troponin C 

1 0. Cardiac troponin I 

11. Cardiac troponin T 

1 2. Cardiac sarcoplasmic reticulum Ca-ATPase gene 

1 3. Skeletal a-actin 

14. Artificial cardiac promoter derived from MLC-2v gene 

The AAV-ITR sequences can also be used to generate other target vectors 
for conditional gene expression by using inducible promoters. The 
inclusion of the AAV-ITR sequences of the present invention, in the 
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adenoviral vector of Hammond, et al. would assure the tissue specific 
expression of the angiogenic transgene and, thus, avoid the negative 
effects these angiogenic proteins have on other tissues in the body. 



The following examples are intended to illustrate but not limit the - 
present invention. 

EXAMPLE 1 

Cell-type specific transcription mediated by Adv/CG/ITH vector in cultured 
cells 

This example provides an evaluation of transcriptional specificity of 
the recombinant adenovirus containing the cardiomyocyte enriched CARP 
promoter coupled (SEQ ID NO: 3) with the inverted terminal repeat 
sequences (ITRI from human adeno-associated virus (AAV) (SEQ ID NOS: 
1 and 2). 

Purified adenoviral vectors were used to infect cultured primary 
cardiac fibroblasts and ventricular myocytes prepared from neonatal rat 
heart. An adenovirus vector with a human cytomegalovirus (CMV) 
enhancer/promoter driving GFP expression (Adv/CMV/GFP) was used as a 
positive control for viral infection and GFP detection. As previously 
reported by Wang, et al., J. Biol. Chem. 273, 2161-8, 1998, 
recombinant adenoviruses are capable of efficiently infecting many cell 
types, including cardiomyocytes, at a low multiplicity of infection (M.O.I.) 
of less than 1 00 viral particles/cell and the expression of GFP can be 
readily detected at a high level in more than 95% of cardiomyocytes 
cultured from neonatal rat hearts. Cardiac fibroblasts, however, require 
an M.O.I, of more than 1,000 viral particles/cell in order to achieve 
approximately 70% of infection. Using the same level of viral infection 
(100 or 1,000 viral particles/cell), GFP expression was not detected in 
either myocytes or fibroblasts infected with the Adv/CG vector. In 
contrast, when the Adv/CG/ITR vector was used as the infecting agent, 
GFP expression was observed in more than 90% of the cardiac myocytes. 
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but not at any appreciable levels in cardiac fibroblasts. These results 
demonstrate that the cardiac specific CARP promoter/AAV-ITR is 
necessary to achieve transcriptional specificity of the transgene in the 
ventricular myocytes of cultured neonatal rat heart while transcriptional 
5 expression is not found in the fibroblasts even at even high M.O.I. 

Further evaluation of cardiac-restricted expression of GFP by 
Adv/CQ/ITR atthe transcriptional level was performed using a standard 
Northern-blot protocol.for mRNA detection. As seen in Figure 2, the 
levels of GFP mRNA in Adv/CMV/GFP infected cardiomyocytes and 

1 0 cardiac fibroblasts are readily detectable. In Adv/CG infected cells, 

however, the GFP mRNA was not detected, which was in agreement with 
the observations from evaluation by fluorescent photomicroscopy. In 
contrast, RNA samples from cardiomyocytes infected with Adv/CG/ITR 
showed significant levels of GFP transcript, while RNA samples from 

1 5 infected cardiac fibroblasts has significantly lower levels of GFP. 

To ensure that the observed cardiomyocyte restricted expression of 
Adv/CG/ITR vector was at the transcriptional level rather than secondary 
to an effect of infectivity, a standard Southern-blot analysis was 
performed using DNA samples from infected fibroblasts and myocytes. 

20 As seen in Figure 3, viral DNA was present at comparable levels in both 
cardiomyocytes and fibroblasts infected with either Adv/CMV/GFP or 
Adv/CG/ITR vectors'. These results confirm that the transcriptional 
activity of the CARP promoter is suppressed in the context of the 
adenoviral genome and that the inclusion of ITR sequences from AAV 

25 allows retention of cardiac restricted cell-type specificity of the CARP 
promoter in cultured cells. 

EXAMPLE 2 

In vivo cardiac restricted transgene expression mediated by the 
30 Adv/CG/ITR vector in neonatal mouse heart 

In order for the present invention to be viable as a method of gene 
therapy for the treatment of inherited and acquired heart disease, "rt is 
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important to establish that cell type specificity of the Adv/CG/ITR vector, 
demonstrated in vitro, can also direct tissue targeted transgene expression 
in vivo. To test this, approximately 2 x 1 0 9 adenovirus particles were 
injected directly into the heart muscle of day-old mice. Following direct 
administration of Adv/CM V/ITR vectors into the cardiac cavity, the level _ 
of infection was measured to be approximately 10% with a distribution 
concentrated primarily in the epicardiurn of the ventricular wall. In 
addition, a high level of GFP expression was also detected in the liver of 
the infected animals. This observation agrees with many eariier published 
studies where it has been established that the delivery of the recombinant 
adenovirus through the systemic circulation always lead to high levels of 
infection in the liver and other non-cardiac tissue. Similar to previous 
observations, direct intracardiac injection of the Adv/CG vector resulted in 
no detectable GFP in any tissue, including the heart. As predicted, the 
adenoviral vector of the present invention, Adv/CG/ITR, gave rise to a 
significant level of GFP expression in heart tissue but a much lower 
expression in liver and other non-cardiac tissue. 

To further evaluate tissue specific expression of the transgene, 
Northern-blot analyses were performed on RNA samples prepared from 
the heart and liver of the infected mice. The results of the analysis is 
shown in Figure 4. In Adv/CMV/GFP injected animals, GFP mRNA was 
detected at high levels in both the heart and liver confirming the results 
generated by the Northern-blot analysis. In the Adv/CG/ITR injected mice, 
however, GFP mRNA was detected primarily in the heart and at a 
significantly lower level in the liver. The inclusion of AAV ITFt in the 
adenovirus vector, as prescribed in the present invention, enhances the 
tissue-specificity of transgene expression in vivo, making the adenovirus 
vector of this invention suitable for use in the delivery of gene therapeutic 
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Cardiac-restricted transgene expression mediated by the Adv/CG/ITR 
vector in cultured mouse embryos 

The tissue-specific gene transfer properties of the present invention 

can also be applied to study gene function during embryonic cardiac 
5 development. To demonstrate the ability of targeted gene expression, in 
developing heart tissue, using tissue specific adenoviral vectors, 
approximately 2 x 10 s particles of each of the recombinant adenovirus 
vectors, Adv/CMV/GFP, Adv/CG and Adv/CG/ITR were microinjected into 
the cardiac cavities of developing mouse embryos at 1 1 days post coitum. 

10 Following an additional 25 hours of culturing after initial injection of the 
adenoviral vectors, GFP expression was evaluated. Injection of the 
Adv/CMV/GFP vector resulted in high relative levels of GFP expression in 
the developing heart as well as in a wide range of other tissues. This 
wide spread expression pattern confirms earlier evidence indicating that 

15 the Adv/CMV/GFP vector is capable of directing transgene expression in a 
broad range of tissues and that transgene expression is most likely 
dictated by the distribution of viral particles in the developing embryo. 
Following injection of the recombinant Adv/CG vector, analysis by 
fluorescent photomicroscopy revealed no GFP expression in any part of 

20 the embryo which correlated with in vitro results derived from cultured 

cells and in vivo data from neonatal mice studies. Injection of Adv/CG/ITR 
vector gave rise to the expression of GFP in cardiac tissue with no ectopic 
expression, detectable by fluorescent photomicroscopy, in other tissues. 
Specifically, GFP expression was at the highest level in the atrium . 

25 These results demonstrate that inclusion of the ITR sequences from 

AAV, as in the Adv/CG/ITR vector construct of the present invention, 
eliminates ectopic expression of the transgene, and allows for cardiac 
tissue specific expression, following direct ventricular injection of the 
adenoviral vector into developing embryos. Such tissue specific 

30 expression, directed by the Adv/CG/ITR vector of the present invention, 
can be applied to the development of other recombinant adenoviral 
vectors that contain ITR sequences from AAV and may confer cardiac 
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specific expression of a therapeutic transgene in the treatment of cardiac 
damage and dysfunction. 

Although the invention has been described with reference to the 
examples provided above, it should be understood that various 
modifications can be made without departing from the spirit of the 
invention. Accordingly, the invention is limited only by the following 
claims: 
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What is claimed is: 

1 . A human type-5 recombinant adenovirus vector which has 
tissue specific transcription of a transgene, the adenovirus vector 
comprising; ~~ 

5 a tissue-restricted promoter; and 

inverted terminal repeat sequences from human adeno-associated 
virus (AAV). 

2. The human type-5 recombinant adenovirus vector of claim 1 , 
wherein the tissue-restricted promoter is a cardiac-restricted promoter. 

10 3. The human type-5 recombinant adenovirus vector of claim 1, 

wherein the tissue specificity is for cardiac tissue. 

4. The human type-5 recombinant adenovirus vector of claim 1 , 

wherein the inverted terminal repeat sequences from AAV comprise two 

copies of the inverted terminal repeat sequence. 
15 5. The human type-5 recombinant adenovirus vector of claim 4, 

wherein the two copies of inverted terminal repeat sequence from AAV 

comprise the left end and right end inverted terminal repeat sequence. 

6. The human type-5 recombinant adenovirus vector of claim 5, 
wherein the left end and right end inverted terminal repeat sequence from 

20 AAV comprise the 5' end and the 3' end inverted terminal repeats 
respectively. 

7. The human type-5 recombinant adenovirus vector of claim2, 
wherein the cardiac-restricted promoter comprises a cardiac-restricted 
promoter from the group consisting of a-myosin heavy chain gene, 6- 

25 myosin heavy chain gene, myosin light chain 2v gene, myosin light chain 
2a gene, CARP gene, cardiac a-actin gene, cardiac m2 muscarinic 
acetylcholine gene, ANF, cardiac troponin C, cardiac troponin J, cardiac 
troponin T, cardiac sarcoplasmic reticulum Ca-ATPase gene, skeletal a- 
actin, and artificial cardiac promoter derived from MLC-2v gene. 
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8. The human type-5 recombinant adenovirus vector of claim 7, 
wherein the cardiac restricted promoter is a cardiomyocyte-restricted 
ankyrin repeat protein (CARP) promoter. 

9. A method for targeted gene therapy for heart disease 

5 comprising combining a cardiac-restricted cellular promoter with inverted" 
terminal repeat sequences from adeno-associated virus. 

1 0. The method for targeted gene therapy for heart disease of 
claim 9, wherein the inverted terminal repeat sequences from AAV 
comprise two copies of the inverted terminal repeat sequence. 

10 11- The method for targeted gene therapy for heart disease of 

claim 9, wherein the two copies of inverted terminal repeat sequence from 
AAV comprise the left end and right end inverted terminal repeat 
sequence. 

1 2. The method for targeted gene therapy for heart disease of 
1 5 claim 9, wherein the left end and right end inverted terminal repeat 

sequence from AAV comprise the 5' end and the 3' end inverted terminal 
repeats respectively. 

13. The method for targeted gene therapy as in claim 9, wherein 
the cardiac-restricted promoter comprises a cardiac-restricted promoter 

20 from the group consisting of a-myosin heavy chain gene, 6-myosin heavy 
chain gene, myosin light chain 2v gene, myosin light chain 2a gene, CARP 
gene, cardiac ct-actin gene, cardiac m2 muscarinic acetylcholine gene, 
ANF, cardiac troponin C, cardiac troponin I, cardiac troponin T, cardiac 
sarcoplasmic reticulum Ca-ATPase gene, skeletal a-actin, and artificial 

25 cardiac promoter derived from MLC-2v gene. 

1 4. A method for the evaluation of gene function comprising 
combining a cardiac-restricted cellular promoter with inverted terminal 
repeat sequences from adeno-associated virus. 

15. The method for the evaluation of gene function of claim 14, 
30 wherein the cardiac-restricted cellular promoter is a CARP promoter. 
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1 6. The method for the evaluation of gene function of claim 1 4. 
wherein the cardiac-restricted cellular promoter is a CARP promoter 
containing a marker gene. 

1 7. The method for the evaluation of gene function of claim 1 6, 
wherein the marker gene comprises a green fluorescent protein gene. 

18. The method for the evaluation of gene function of claim 14, 
wherein the inverted terminal repeat sequences from AAV comprise two 
copies of the inverted terminal repeat sequence. 

19. The method for the evaluation of gene function of claim 14, 
wherein the two copies of inverted terminal repeat sequence from AAV 
comprise the left end and right end inverted terminal repeat sequence. 

20. The method for the evaluation of gene function of claim 9, 
wherein the left end and right end inverted terminal repeat sequence from 
AAV comprise the 5' end and the 3' end inverted terminal repeats 
respectively. 
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SEQUENCE LISTING 



< 1 1 0 > Kenneth Chien 

Yibin Wang 
Sylvia Evans 

< 1 20> NOVEL RECOMBINANT ADENOVIRUS FOR TISSUE 

SPECIFIC EXPRESSION IN HEART 
<130> 6627-8045 
< 1 40 > unknown 
<141> September 10, 1999 

<150> US 60/099,960 

< 1 5 1 > September 11, 1998 
<160> 3 

< 1 70 > Word Perfect 8 . 1 

<210> 1 
<211> 174 
<212> ssDNA 

< 21 3 > adeno-associated virus 2; Viruses; ssDNA viruses; 

Parvoviridae; Parvovirinae; Dependovirus 



<220> . 

<221 > enhancer; 5' inverted terminal repeat 

<222> 1...174 



<400> 1 

ggccactccc tctctgcgcg ctcgctcgct 

agcccgggcg tcgggcgacc tttggtcgcc 

gcgcgcagag agggagtggc caactccatc 

tggagtcgtg acgtgaatta cgta 



cactgaggcc gcccgggcaa 50 
cggcctcagt gagcgagcga 1 00 
actaggggtt cctggagggg 1 50 
174 



<210> 2 
<211> 183 
<212> ssDNA 

<21 3> adeno-associated virus 2; Viruses; ssDNA viruses; 

Parvoviridae; Parvovirinae; Dependovirus 



<220> 

<221 > enhancer; 3" inverted terminal repeat 

<222> 1.-183 
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<400> 2 

catggctacg tagataagta gcatggcggg 

acccctagtg atggagttgg ccactccctc 

qtgaggccgg gcgaccaaag gtcgcccgac 

gcctcagtga gcgagcgagc gcgcagagag 



ttaatcatta actacaagga 50 

tctgcgcgct cgctcgctca 1 00 

gcccgggcttt gcccgggcg 1 50 

gga 183 



<210> 3 
<211> 2247 
<212> mRNA 

<213> Mus muscuius; Eukaryota; Metazoa; Chordata; Craniata; 

Vertebrata; Mammalia; Eutheria; Rodentia; Sciurognathi; 
Muridae; Murinae; Mus. 



<220> 

< 22 1 > promoter 
<222> 1-2247 



<300> 

<301> Zou r Y.. etal. 

<302> CARP, a cardiac ankyrin repeat protein, is downstream in 

the Nkx2-5 homeobox gene pathway 

< 303 > Development 

<304> 124 

<305> 4 

<306> 793-804 

<307> 1997 



<400> 


3 










nagctcncat 


gcctgcaggt 


cgactctaga 


ggatcctttc 


atgrtttaaca 


50 




taacccaagg 


ggaacagcct 


gcctgacagt 


ggctttgcca 


100 


cccatgaata 


cttcctagtc 


tagtccgttt 


gtgaaactca 


gcccatccca 


150 


acacttctgc 


aagccccatc 


ctctacaagg 


tgctcattgg 


gaatttcctg 


200 


gagcttctct 


ttcaggatca 


gcctgattct 


agggcagcag 


ttctcaacct 


250 


gggggcctcg 


acccctttgg 


gggaatcaaa 


cgacccttta 


caggggtcac 


300 


atatcatcta 


tcctatatgt 


caggtattta 


cattacgatt 


cgtaacagta 


350 


gcaaaattac 


aggtatgaaa 


tagcaatgaa 


ataattttat 


gattgaaggt 


400 


caccacaaca 


tgaggccgcc 


acactgttct 


agagaaaaat 


cacctgggtg 


450 


gggaaaggtt 


tgggaaagcc 


tttctgtcca 


ttcttcattc 


ttcaaagtga 


500 


tgtgttcaca 


gaaagccttt 


cagctgttct 


gctggggctc 


ttagtaagtc 


550 


tgagtaggaa 


ctgtatgtac 


caggtctgct 


tcttatgggt 


ggagccaaga 


600 


cgcatcgtgg 


gtggagcgaa 


gacgcaacct 


caccttctac 


tctgcatcca 


650 


tagcaagtag 


cctaatgttc 


tgngtctagg 


gtcatctctg 


tgaatcgaga 


700 


tccttggccc 


ttgtttgaat 


tagggaggca 


caaaatctta 


aaaaattcaa 


750 


gactgntcaa 


caanccanaa 


gtcctttctc 


aaaaggaaag 


gncttaactn 


800 



WO 00/15821 



PCT/US99/20730 



3 



tnancccccc 


tttacttttg 


agtcaaggcc 






850 


gaatgaaaaa 


agcttgccat 


nacctggttg 




anaaancaaa 


900 


aaaaaattgt 


ggttaacntt 


gaaaaaccga 


9 9 


ttatcctcta 


950 


gaaacacaat 


ttgctggttg 


aacagctgaa 


gtggggtggg 


ggrtc g 


1000 


ccatgttcat 


ggaagggtga 


gtgaggagag 


acagatatat 


gaggccagca 


1050 


taacaaacat 


acacaacacc 


ctaattaaca 


cttccc 


c ac gacac 


1 100 


ccccttcact 


ctcctctttc 


ataaaaaata 


aaaaa f 9 8 




1 150 


cttacgatag 


aatctttcct 


cgaactataa 


aaaga aa 


at matat 


1200 


ttttcacatt 


ttaatatctt 


agcgatgaca 


agccagaaac 


aaga 




gcctctctca 


acagcaaagc 


ttggggcctt 


tttgtttccg 


tgttaggaat 


1300 


agaacacgag 


agccccgtgt 


atctaggcag 


atgctctatc 


attagcccat 


1350 


gagtctccag 


cctcagacgc 


acatttttct 


cgggctctct 


taagcttttc 


1400 


ccacagcatt 


gggaaacttt 


actgacagca 


tccaagttgt 


gcttctgcta 


1450 


agaactggac 


tcacatctct 


ctggcatcac 


ttcggcccgt 


tttggggtag 


1500 






atttagaaca 


cggtgagcct 


gtggtcacta 


1550 


attatggcca 


gtgacaccat 


agagtcaaag 


tgcattactg 


aatgctttca 


1600 


atttctccta 


atgctggtac 


gatggcatgt 


cacagggcca 


ttttagctgc 


1650 


agacatcatc 


cagagaattc 


caaacagata 


ggacaagtgg 


cacccagacc 


1700 


catctccttc 


ccctcgggct 


gattatcccc 


aaaataggat 


gtcccaaagc 


1750 


aacacttccc 


agccaactgg 


agtgctgata 


agtccagtta 


tcagaaagat 


1800 


atggctgtaa 


gtgtgatgca 


cagtgcttgc 


attttcttga 


tacgttagtc 


1850 


atatgagagc 


tgacaaagaa 


ggaaaaagag 


cagcgatgtg 


tgcaatatta 


1900 
1950 


acaggcagct 
gagcggtgtg 


gtcccctggc 


ttcccgatac 


gtgggatgac 


tcgcattgct 


gtcactgcca 


aaggaatgac 


cctctcacat 


ttcttcctga 


2000 


ttcgcatacg 


ccgcggccag 


cttgtcatct 


ccctcttggg 


cttcccagac 


2050 


actaagtctg 
agcaggggtg 


gaatgaaaat 


tcacctgcct 


ctgaattggc 


cactggtggg 


2100 


tgacttggct 


tcccaggctg 


gaagattatc 


tcacccagcc 


2150 


ctactatata 


acgggctggt 


gtggaggggc 


tccacagggc 


cagttccagg 


2200 


ggttcatcca 


caagagagaa 


aaacatagac 


tcacggctgc 


caacatg 


2247 
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Cardiac Gene Delivery With Cardiopulmonary Bypass 

Michael J. Davidson, MD; J. Mark Jones, AFRCS; Sitaram M. Emani, MD; Katrina H. Wilson, MS; 
James Jaggers, MD; Walter J. Koch, PhD; Carmelo A. Milano, MD 

Background — Cardiac gene therapy offers the possibility of enhancing myocardial performance in the compromised heart. 
However, current gene delivery techniques have limited myocardial transgene expression and pose the risk of 
extracardiac expression. Isolation of the coronary circulation during cardiac surgery may allow for more efficient and 
cardiac-selective gene delivery m a clinically relevant model. 

Methods and Results — Neonatal piglets (3 kg) underwent a median sternotomy and cardiopulmonary bypass, followed by 
aortic cross-clamping with 30 minutes of cardioplegic arrest. Adenoviral vectors containing transgenes for either 
0-galactosidase (adeno-/3-gal, n=ll) or the human ^-adrenergic receptor (adeno-/3 2 -AR, n=15) were administered 
through the cardioplegia cannula immediately after arrest and were allowed to dwell in the coronary circulation during 
the cross-clamp period. After 1 week, the animals were killed, and their heart, lungs, and liver were excised and 
examined for gene expression. Analysis of 8-galactosidase staining revealed transmural myocardial gene expression 
among animals receiving adeno-B-gal. No marker gene expression was detected in liver or lung tissue. 8-AR density 
in the left ventricle after adeno-ft-AR delivery was 396±85% of levels in control animals (P<0.01). Animals receiving 
adeno-/3 r AR and control animals demonstrated similar B-AR density in both the liver (114±8% versus 100±9%, 
P=NS) and lung (114±7% versus 100±9%, P=NS). There was no evidence of cardiac inflammation. 

Conclusions — By using cardiopulmonary bypass and cardioplegic arrest, intracoronary delivery of adenoviral vectors 
resulted in efficient myocardial uptake and expression. Undetectable transgene expression in liver or lung tissue suggests 
cardiac-selective expression. (Circulation. 2001;104:131-133.) 

Key Words: gene therapy ■ cardiopulmonary bypass ■ signal transduction 



Cardiac gene transfer of either the human /^-adrenergic 
receptor (ft-AR) or an inhibitor of B-adrenergic receptor 
kinase (BARKct) enhances cardiac performance.'- 2 Use of 
such genetic strategies clinically will require a safe method of 
cardiac gene delivery. The technique that has been used in the 
laboratory setting involves intracoronary injection of an 
adenoviral vector with the heart beating. The principal 
disadvantage of this technique is that the viral vector is 
rapidly washed out to the systemic circulation and taken up in 
nontarget organs such as the liver and lung. 1 - 3 A critical 
feature of any clinically relevant cardiac gene delivery 
technique, however, is limiting noncardiac deliveiy to pre- 
vent toxicity. 

We hypothesized that cardiopulmonary bypass (CPB) may 
facilitate cardiac-selective gene transfer using recombinant 
replication-deficient adenovirus. CPB with aortic cross- 
clamping and cardioplegic arrest represent the fundamental 
components of many cardiac surgery procedures and 
uniquely isolate the coronary circulation. Ad!ministration of 
an adenoviral vector under these conditions maximizes con- 
tact time with the myocardium and may reduce systemic 



delivery, therefore limiting toxicity and offering a clinically 
relevant delivery system. 

Methods 

A replication-deficient, first-generation, type V adenovirus with 
deletions of the El and E3 genes was used to construct vectors for 
the human ft-AR (adeno-ft-AR) or /3-galactosidase (adeno-0-gal) 
transgene. 4 Large-scale preparations of these adenoviruses were 
purified from infected Epstein-Barr nuclear antigen-transfected 293 
cells (Invitrogen Corp). 4 

One-week-old piglets (3 kg) received humane care in compliance 
with the institutional committee on animal research and in accor- 
dance with the regulations adopted by the National Institutes of 
Health. Animals were given ketamine (20 mg/kg IM) just before 
inhaled isoflurane (1%) anesthesia. 5 A median sternotomy was 
performed, and after systemic heparinization, CPB was established 
via an aortic cannula and a right atrial cannula. The CPB circuit 
consisted of a reservoir, a hollow fiber oxygenator/heat exchanger, 
and a roller pump. After stabilization, the aorta was cross-clamped 
and the heart arrested by infusion of cold (4°C), hyperkalemic 
cardioplegia solution (30 mL/kg) into the aortic root Animals were 
randomized to receive either adeno-ft-AR or adeno-/3-gal. Immedi- 
ately after cardioplegic arrest, 1 X10" total viral particles, reconsti- 
tuted in 8 mL of phosphate-buffered saline (PBS), were injected into 
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Whole heart mounts and histological sections after 
gene delivery. A, Whole mount of heart 1 week after 
adeno-/3-gal delivery. B, Whole mount of heart 1 
week after adeno-ft-AR delivery. C, Light micro- 
graph (magnification X40) of myocardium 1 week 
after adeno-/3-gal delivery, demonstrating X-gal stain- 
ing of individual myocytes. D, X-gal staining in whole 
mounts of left ventricle at 4, 8, and 24 hours and 7 
days after 0-galactosidase transgene delivery. E, 
Light micrograph (magnification X40) of myocardium 
stained with hematoxylin and eosin 1 week after 
adeno-ftrAR delivery. F, Light micrograph (magnifi- 
cation X40) of myocardium stained with hematoxylin 
and eosin 1 week after PBS delivery. 



the aortic root and allowed to dwell in the myocardium. After 30 
minutes of cardiac arrest, the cross-clamp was removed and the heart 
was reperfused. The animals were then weaned off CPB and allowed 
to recover. 

Gene expression was assessed 1 week after delivery. A subset of 
animals (n=8) was studied at 4, 8, and 24 hours and 14 days after 
gene delivery to examine the time course of expression. Heart, liver, 
and lung tissues were either immediately stained with X-gal solution 
[2 mmol/L K 4 Fe(CN) 6 , 2 mmol/L K 3 Fe(CN) 6 , 2 mmol/L MgCl 2 , and 
0.5 mg/mL 5-bromc-4-chloro~3-indoyl-/3-D-galactopyranoside] as 
whole-mount samples or frozen at -80°C, sectioned at 10 fun, and 
stained in X-gal as previously described.* 0-AR expression was 
quantified with radioligand binding assays to determine total /3-AR 
density. Tissue samples were homogenized in lysis buffer (5 mmol/L 
Tris-HCl [pH 7.4] and 5 mmol/L EDTA), and membrane fractions 
were extracted. A radioligand binding assay was performed using 
' M I-cyanopindolol to determine total 0-AR density, as previously 
described 7 

A subgroup of animals received only PBS during CPB (n=4). 
Standard hematoxylin and eosin histological sections of these hearts 
were made and compared with sections from hearts treated with 
adeno-ft-AR to assess any inflammatory response. 

Data are expressed as mean±SEM and were assessed by Student's 
I test. Significance was assumed at P <0.05. 

Results 

A total of 42 piglets underwent CPB-mediated gene delivery. 
Of these, 40 survived to the time of study (4 hours to 14 
days). Twenty-six piglets were studied for myocardial trans- 
gene expression at 1 week. The piglets that received adeno- 
ft-AR (n=15) demonstrated no background X-gal staining, 



whereas those that received adeno-j3-ga] (n=ll) had trans- 
mural staining in all chambers (Figure, A and B). Micro- 
graphic sections of the myocardium of animals receiving 
/3-galactosidase demonstrated staining of individual myo- 
cytes, consistent with transgene expression (Figure, C). There 
was no ^galactosidase expression in the liver or rung. 

Animals treated with adeno-ft-AR exhibited a left ventric- 
ular 0-AR density ^4-fold higher than those receiving 
marker transgene (P<0.01; Table). The right ventricular 
/3-AR density was 1.6-fold higher than that of control 
animals, demonstrating lower but significant transgene ex- 
pression in this chamber (P=0.01). /3-AR density was not 
different in the liver and lung between adeno-/32-AR and 
adeno-/3-gal-treated animals (Table). 

In addition, gene expression was studied at varying inter- 
vals from time of delivery (Figure, D). /3-Galactosidase 

0-AR Density in Treated and Control Piglets 

Tissue Adeno-fe-AR (n=15) Adeno-ft-gal (n^11) 



164+19%* 

114±7% 

114±8% 



100+7% (94.4 fmol/mg) 
100±9%(101.0fmoMng) 
100+9% (77.4 fmol/mg) 
100+11% (137.4 fmoVmg) 



Values are mean+SEM and are expressed as percent of control. All studies 
were conducted 1 week after gene delivery. 
*/"<0.05 vs control 
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expression was first detected 8 hours after gene delivery. 
Expression at 8 hours was transmural and comparable to that 
seen at 24 hours and at 1 week. At 2 weeks, an additional 4 
animals treated with adeno-ft-AR had increased left ventric- 
ular (275 ±126 ftnol/mg) and right ventricular (181 ±31 
fmol/mg) /3-AR density. 

Hematoxylin and eosin micrographs of hearts 1 week after 
delivery of adeno-ft-AR or PBS (n=4) are shown in the 
Figure (panels E and F, respectively). There was no evidence 
of an inflammatory response in either group. 

Discussion 

This study demonstrates the feasibility of myocardial gene 
delivery during CPB and cold hyperkalemic cardioplegic 
arrest This protocol simulates conventional cardiac surgery 
and tests the effectiveness and potential advantages of gene 
transfer during cardiac surgery. Unlike prior attempts at 
intracoronary gene transfer, CPB-mediated gene therapy 
seems to limit extracardiac gene expression. Our laboratory 
has previously found high levels of gene expression in the 
liver and lung after non-CPB intracoronary delivery.' When 
delivered to the beating heart, the intracoronary vector is 
rapidly washed out of the heart and delivered systemically. 

Because the coronary circulation is uniquely isolated dur- 
ing CPB, gene delivery to the myocardium may be improved 
relative to injection into the coronary circulation with the 
heart beating. By using CPB and cardioplegic arrest, the virus 
is allowed to dwell in the coronary circulation for 30 minutes. 
At the end of this time, in contrast to beating-heart delivery, 
a' higher percentage of viral particles may be taken up by 
myocytes or be inactivated. Furthermore, any remaining 
viable virus is ultimately washed out of the coronary circu- 
lation via the coronary sinus and returned to the CPB 
apparatus. Because the CPB circuit has a high surface area for 
potential virus-binding, particularly at the membrane oxygen- 
ator, the remaining viable virus may become bound. Indeed, 
Marshall et al 8 demonstrated that the replication-deficient 
adenoviral vectors commonly used for gene delivery are 
rapidly inactivated on exposure to nonbiological surfaces 
such as polycarbonate, cardiac catheters, and syringes. 

This approach may have multiple applications to clinical 
cardiac surgery. Such genetic treatments might support end- 
stage heart failure patients in a manner similar to left 
ventricular assist devices, as a bridge of support until heart 
transplantation. It may also provide support for high-risk 
patients with severely reduced ventricular function undergo- 
ing revascularization or valve replacement procedures. In- 
deed, impairment of the myocardial 0-AR. system during 
cardiac surgery has been documented, including receptor 
desensitization with reduced adenylyl cyclase response, pos- 
sibly due to increased /3ARK1 activity. 9 - 10 This method of 
gene therapy would achieve transgene expression during the 



first postoperative day and continue for ~2 to 3 weeks. This 
time course would correlate with the early postoperative 
period during which inotropic support is most important. 
These studies also raise interest in the possibility of gene 
therapy with retrograde cardioplegia or with percutaneous 
methods of CPB, such as Heartoort. 

This study represents the first use of CPB for global 
myocardial gene delivery. Moreover, it demonstrates the 
feasibility of intracoronary gene delivery in the pig, whose 
heart is similar to humans. The study is limited insofar as the 
subjects were healthy neonatal piglets. Further work is 
needed to characterize the effectiveness of this technique in 
adult animals and those with ventricular dysfunction. In 
'addition, current efforts are directed at demonstrating the 
biochemical and hemodynamic consequences of gene deliv- 
ery using functional transgenes. 
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ABSTRACT 

Type 2 iodothyronine deiodinase (D 2 ) catalyzes intracellular 3, 5, 
3' triiodothyronine (T 3 ) production from thyroxine (T 4 ), and its mes- 
senger RNA mRNA is highly expressed in human, but not rodent, 
myocardium. The goal of this study was to identify the effects of D 2 
expression in the mouse myocardium on cardiac function and 
gene expression. We prepared transgenic (TG) mice in which human 
I>2 expression was driven by the a-MHC promoter.. Despite high 
myocardial D 2 activity, myocardial T 3 was, at most, minimally in- 
creased in TG myocardium. Although, plasma T 3 and T 4 , growth rate 
as well as the heart weight was not affected by TG expression, there 



was a significant increase in heart rate of the isolated perfused hearts, 
from 284 ±12 to 350 ± 7 beats/min. This was accompanied by an 
increase in pacemaker channel (HCN2) but not a-MHC or SERCA II 
messenger RNA levels. Biochemical studies and 31 P-NMR spectros- 
copy showed significantly lower levels of phosphocreatine and crea- 
tine in TG hearts. These results suggest that even mild chronic myo- 
cardial thyrotoxicosis, such as may occur in human hyperthyroidism, 
can cause tachycardia and associated changes in high energy phos- 
phate compounds independent of an increase in SERCA II and 
a-MHC. (Endocrinology 142: 13-20, 2001) 



THE HEART is one of the most sensitive organs to in- 
creases in thyroid hormone. Patients with hyperthy- 
roidism virtually always have tachycardia and an increased 
rate of myocardial contraction (1). This is attributed to both 
intrinsic and extrinsic effects of the excess hormone (2, 3). 
Based on animal models, the intrinsic effects of thyroid hor- 
mone on the heart are thought to be due to changes in the 
expression of certain genes including genes for myosin heavy 
chains (MHC), sarcoplasmic reticulum calcium ATPase 
(SERCA II), and hyperpolarization-activated cyclic nucleo- 
tide-gated channel 2 (HCN2) (4-7). The extrinsic effects are 
those arising from the necessity for a myocardial response to 
the increase in oxygen demand induced by the hyperthyroid 
state (2). 

Thyroxine (T 4 ) is a tetra-iodinated iodothyronine prohor- 
mone, which must be mono-deiodinated in the outer ring to 
T 3 to be activated (1, 8). In mammals, there are two isoen- 
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zymes that can catalyze this conversion, the types 1 (Dl) and 
2 (D2) 5' iodothyronine deiodinases (8). In rat tissues ex- 
pressing D2, a substantial portion of the nuclear receptor- 
bound T 3 is provided by the intracellular conversion of T 4 to 
T 3 by this isoenzyme (9). This enzyme is a critical component 
of the homeostatic mechanism for mamtaining the tissue T 3 
under a variety of stresses because it can increase the effi- 
ciency of T 4 activation when T 4 production is reduced as in 
iodine deficiency (10). 

The coding sequence and 3' untranslated region of the 
human type 2 deiodinase have been recently identified (11- 
13). The messenger RNA (mRNA) is highly expressed not 
only in the human brain and pituitary, as it is in the rat and 
mouse, but also in myocardium and skeletal muscle, which 
is not the case in the rodent (12-14). The expression of D2 in 
the myocardium raises the possibility that, in humans, this 
tissue can respond not only to changes in plasma T3, but also 
to those in T 4 . Thus, the human heart may resemble the 
pituitary and brain with respect to sources of intracellular T 3 . 
This could contribute to the sensitivity of pulse rate to min- 
imal increases in circulating T 4 . The contribution of the T 3 
generated by the action of D2 to total myocardial T 3 in the 
human heart under normal or pathological conditions re- 
mains to be determined. However, it seems likely that with 
respect to the potential for the intracellular T 4 to contribute 
to intracellular T 3 in this organ, rodents are not a faithful 
model of the human situation. 

Studies of the effects of thyroid hormone on the myocar- 
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dium of experimental animals are often performed by giving 
exogenous T 4 or T 3 to hypothyroid rats, generally in large 
excess, for relatively short time periods. Although this has 
allowed the identification of number of T 3 -responsive genes, 
including a- and 0-MHC, SERCA II, HCN2 as well as 
inducing acute changes in the cardiac physiology of the hy- 
perthyroid animal, it does not faithfully replicate the patho- 
physiology of human hyperthyroidism. Clinical hyperthy- 
roidism is typically present for at least 6 months in a 
progressively more symptomatic form before coming to 
medical attention (1). Biochemically, e.g. in terms of sup- 
pression of serum TSH, it has likely to have been present for 
an even longer period. Usually, there is only a 2- to 3-fold 
increase in serum T 4 (1). For these reasons, the animal 
experiments do not accurately replicate human hyperthy- 
roidism. 

To provide a model that might better reflect events in the 
hyperthyroid human myocardium with respect to the 
sources of T 3 , we have prepared transgenic (TG) mice in 
which human D2 is driven by the mouse a-MHC promoter 
and, therefore, expressed at high levels in the myocardium. 
The mice are systemically euthyroid but have some, but not 
all, physiological, biochemical, and molecular changes in the 
heart consistent with thyrotoxicosis. Perfused hearts were 
tachycardic, had an increase in rate pressure product and a 
decrease in phosphocreatine (PCr) without any changes in 
creatine kinase activity. The HCN2 mRNA was modestly 
increased, but no significant changes were found in the ex- 
pression of a-MHC or SERCA II genes. 

Materials and Methods 

Animals 

All aspects of animal care and experimentation performed in this 
study were approved by the Institutional Animal Care and Use Com- 
mittee of the Beth Israel Deaconess Medical Center and the Brigham and 
Women's Hospital. Animals were maintained on a 12-h light/12-h dark 
schedule (light on at 0600 h) and fed laboratory chow and water at libitum 
if not otherwise indicated. Experimental hypothyroidism was intro- 
duced by a low iodine, ITU-containing diet (Remington diet, Harlan 
Teklad, Madison, WI). The studies were performed using mice 2-8 
months old. 

Generation and screening of transgenic animals 

The coding region of the human D2 complementary DNA (cDNA) 
(Genethon clone supplied by Drs. St Germain and Galton, Dartmouth 
Medical Center, Lebanon, NH) and the selenocysteine insertion se- 
quence (SECIS) of rat selenoprotein P (SelP), as a 1.9-kb fragment with, 
the potential poly A site, were subcloned between the mouse a-MHC 5' 
flanking region and the additional polyadenylation sequence of human 
GH (vector provided by Dr. Jeffrey Robbins, Division of Molecular 
Cardiovascular Biology, University of Cincinnati Medical Center, Cin- 
cinnati, OH) to form plasmid pHT1402 (Fig. 1). The entire 8.4-kb trans- 
gene was released from the plasmid pHT1402 by BomHI digestion. 
Approximately 4 ng of the gel purified transgene were microinjected 
into each male pronuclei of 1 -day-old mouse zygotes of the inbred strain 
FVB/C57, and these were reimplanted into the uteri of pseudopregnant 
foster mice at The Beth Israel Transgenic Facility. Litters were obtained 
after 21 days. Between age 14 and 18 days, preweaned mice were iden- 
tified by gender, marked by earlobe punching, and approximately 10 
mm of tail tip was removed for genotyping. Genomic DNA was gen- 
erated by overnight digestion with proteinase K and SDS. After high salt 
precipitation in the presence of SDS, the supernatant was phenol/chlo- 
roform extracted and DNA precipitated by ethanoL Genomic DNA (10 
jig) was digested with Xbal (20 U/jtg of DNA) subjected to electro- 



phoresis through the 1% agarose gel and transferred to GeneScreen Plus 
nylon membranes (NEN Life Science Products, Boston, MA). Hybrid- 
ization was performed using a 0.3 kb Xbal, Accl fragment of rat D2 
cDNA, which is virtually identical in sequence to the mouse and human 
D2 genes (13, 15). The rat D2 cDNA was kindly provided by Drs. St. 
Germain and Galton (Dartmouth Medical Center, Lebanon, NH). Two 
transgenic lines were identified and expanded. Littermates served as 
controls unless indicated. 



Serum T 3 and T 4 measurements 

Blood was collected after decapitation, centrifuged, sera separated, 
and stored at -20 C until used for assay. R1A for T 4 and T 3 was done 
in duplicate, using 10 /xl and 50 ul of each mouse sera respectively, as 
described earlier (16). Standards were prepared in rat serum, which had 
been depleted of endogenous T 3 and T 4 by charcoal adsorption. The limit 
of detection was approximately 2 pg of T 4 and approximately 1 pg of T 3 
per tube. 

Determination of myocardial T 3 concentration 

Animals were anesthetized by carbon dioxide and decapitated. After 
wide opening of chest cavity, hearts (including both atria and ventricle) 
were rapidly dissected from the great vessels, divided in half, rinsed in 
ice-cold PBS, and frozen in liquid nitrogen. Half of each heart, about 50 
mg, was used for measurement of T 3 content. Each tissue was homog- 
enized in 1 ml of methanol using a Brinkmann Instruments, Inc. (West- 
bury, NY) homogenizer. For protein measurement, a 50-/J aliquot of 
each homogenate was solubilized by adding 10 ^.1 of 1 M NaOH. The 
solubilized protein was diluted in water and concentration of protein 
was measured using Bio-Rad Laboratories, Inc. (Hercules, CA) protein 
assay kit. To assess the recovery of T3, approximately 500 cpm of the high 
specific activity [ I25 I]-T 3 (NEN Life Science Products, Boston, MA) were 
added to the rest of each homogenate and counted. Homogenates were 
then spun for 20 min at 5,000 x g and the supernatant mixed with 2 ml 
of chloroform. Thyroid hormone was extracted into aqueous solution by 
two successive 05 ml aliquots of 0.4 m NH 4 OH. The supematants were 
pooled after centrifugation for 20 min at 5,000 X g. Any possible traces 
of chloroform in pooled supematants were removed by adding 1 ml of 
ethyl ether and gravity separation. Samples were then evaporated in a 
lyophilizer (Freezemobile 12 SL, The Virtis Co., Gardiner, NY) and 
redissolved in 400 fd of 0.01 M NaOH. Each sample was again counted 
to determine the T 3 recovery which ranged from 60-75%. Duplicate 
samples of solubilized T 3 were assayed in sodium salicylate/0.2 m gly- 
cine acetate buffer, pH 8.6, using specific and sensitive rabbit polyclonal 
T 3 antibodies (17, 18). Standards were prepared in 0.01 M NaOH and 
ranged from 0.5-16 pg of T 3 /tube. Additionally, the same aliquot of each 
sample and standard was used to determine nonspecific binding of I 125 !] 
T 3 in the absence of T 3 antibodies. This did not differ between standards 
and samples (18). Linearity of measurement was confirmed by assay of 
four serial 2-fold dilutions of T 3 extracts from rat heart and liver. 

Perfusion protocol 

Mice of both genders from both lines were heparinized (5000 U/kg 
BW, administered ip) 10-15 min before cervical dislocation. Their hearts 
were excised and immediately arrested by placing in ice-cold perfusion 
buffer. After cannulation of the aorta, each heart was perfused by the 
Langendorff method at constant pressure of 80 mmHg and at 375 C with 
modified Krebs Henseleit bicarbonate buffer (118 mM Nad, 4.7 mM KC1, 
1.2 mM MgS0 4 -7H 2 0, 25 mM Cad 2 -2H 2 0, 05 mM Na 2 EDTA, 25 mM 
NaHCC-3, 10 mM glucose, and 05 mM pyruvate). AD buffers were gassed 
with 95% O z /5% CO z to give a pH of 7.4 at 37 C. 

Cardiac function was recorded as the rate pressure product (RPP), the 
product of heart rate and left ventricular developed pressure (LVDP), using 
a water-filled polyethylene balloon in the left ventricle The size of the 
balloon was carefully matched to the size of the ventricle (19). The balloon 
was connected via a water-filled tube to a pressure transducer (Stratham 
P23Db, Gould, Oxnard, CA) attached to a MacLab (ADInstruments, Mil- 
ford, MA) analog digital converter, sampling at 200 samples/sec The 
balloon was inflated to give an end diastolic pressure (EDP) of approxi- 
mately 8 mmHg. Intraventricular pressure development was prevented by 
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inserting a short piece of polyethylene (PE10) tubing through the apex of 
the left ventricle. 

Hearts were placed in a 10 mm NMR rube, and the effluent from the 
heart was suctioned from above. The effluent flow rate was measured 
in a volumetric container, which allowed the coronary flow rates to be 
calculated. The perfusion system was then placed into the magnet at the 
correct height to give 80 mmHg pressure at the level of the heart. The 
temperature of the system was maintained at 37.5 C by external heating 
of the NMR tube with warm air and by keeping all perfusion buffers in 
water jacketed containers (20). Each group of hearts was subjected to a 
stabilization period of 30 min, during which the probes were tuned and 
the magnet shimmed. Following that, two 8 min spectra were acquired. 
At the end of each experiment the hearts were blotted and weighed, and 
stored at -80 C. 

31 P NMR spectroscopy and data analysis 

Spectra were acquired using a GE-400 wide bore Omega NMR spec- 
trometer (GE, Fremont, CA) operating at the 31 P resonance frequency of 
161.94 MHz. A 10-mm glass NMR tube (Wilmad, Buena, NJ) containing 
the isolated heart preparation was inserted into a custom built 'H/ 31 P 
double-tuned probe (Morris Instruments, Ontario Canada) situated in 
the center of a 9.4 T superconducting magnet. The spectra were acquired 
as described previously (20, 21). Quantification of ATP, PCr and Pi 
concentrations from spectral peak areas was achieved using biochem- 
ically determined ATP concentration in a separate group of hearts which 
were freeze-clamped after the same period of perfusion. The ATP res- 
onance area (average of a and y phosphate areas) divided by the wet 
weight (mgww) of each heart was used to convert the resonance areas 
of the other phosphorus containing metabolites using their saturation 
factors previously determined in our laboratory for PCr (1.2) and inor- 
ganic phosphate, Pi (1.15), relative to ATP. Myocardial pH was esti- 
mated using the chemical shifts of the Pi peak relative to the PCr peak 
using titration curves determined previously in our laboratory (pH = 
ppm-0.724 + 3.5455 were ppm reflects the chemical shift between Pi and 
PCr). Cytosolic free ADP concentration was calculated using the equi- 
librium constant of the CK reaction (K^,,, = 1.99 X 10 9 m -1 ) and using 
metabolite values obtained by NMR spectroscopy and biochemical anal- 
ysis (22, 23). 

Biochemical analysis 

A separate group of hearts was freeze-clamped after the same period 
of perfusion. These were stored at -80 C, and used for biochemical 
determination of ATP, PCr, Creatine (Cr), glucose-6-phosphate (G6P). 
ATP, PCr, Cr, glycogen, and G6P were extracted in 6% perchloric acid 
and assayed using spectrophotometric techniques as described (24). 
ATP, PCr, Cr, and G6P results were calculated in mmol/mg of protein 
and expressed in rrtM concentration using the conversion factor 0.17 
(protein/ wet weight ratio) and factor 0.48 (water/wet weight ratio). For 
glycogen measurements the wet/dry weight ratio of each heart was 
determined, and results expressed as funol/g dry wt (fimol glucosyl 
units/g dry wt for glycogen). Creatine kinase activity (CK V max ) and the 
amount of this activity attributable to each isoenzyme of CK as well as 
adenosine kinase (AK) activity were measured using methods previ- 
ously described (25). The cardiac tissue was homogenized for 10 sec at 
4 C in potassium phosphate buffer containing 1 mmol/liter EDTA and 
1 mmol/liter 0-mercaptoethanol, pH 7.4 (final concentration of 5 mg 
tissue /ml). Triton X-100 was then added to the homogenate at a final 
concentration of 0.1%. The CK activity was measured in tissue homog- 
enates at 30 C (25). CK activities were measured in units of IU per mg 
protein and converted to mM/sec using the measured concentrations of 
cardiac protein, assayed in the samples before the addition of Triton 
X-100 using the Lowry method (26). All values are expressed as mM/sec 
at 37 C (the results were multiplied by the factor 1.8 to convert from 
30-37 Q. The percent of total CK activity attributable to each isoenzyme 
was measured using a Helena Cardio-Rep CK isoenzyme analyzer 
(Beaumont, TX) (25). 

Deiodinase assays 

Tissues were homogenized on ice in buffer containing 1 X PE (0.1 m 
potassium phosphate and 1 mM EDTA), 250 mM sucrose and 10 rrtM DTT 



(pH 6.9). D2 assays were performed in the presence of 1 riM T 4 with or 
without 1 mM PTU and/or 100 nM Tj, as described earlier (27). 

Isolation and analysis of RNA 

RNA was extracted from the tissue using TriZol reagent (Life Tech- 
nologies, Inc., Rockville, MD) according to the manufacturer's protocol 
and RNA concentration was estimated from the A260 value. Northern 
analysis was performed using of 10 total RNA by standard methods 
as described earlier (7). A mouse HCN2 cDNA fragment (-0.5 kb) was 
made by RT-PCR from euthyroid mouse cortex RNA (7). Specific 
o-MHC oligonucleotide was a gift of Dr. W. H. Dillmann (Department 
of Medicine, Division of Endocrinology and Metabolism, University of 
California San Diego, La Jolla, CA) and /3-MHC oligonucleotide was 
obtained from Life Technologies, Inc. (Rockville, MD). Both oligonu- 
cleotides were designed from the nonhomologous 3' regions of the 
mouse myosin heavy chain cDNAs and have been described earlier (28). 
Mouse 0-actin cDNA was a gift of Dr. B. M. Spiegelman (Dana Farber 
Cancer Institute, Boston, MA). Rat cyclophilin cDNA was a gift of Dr. 
G. Adler and W. Chin (Brigham and Women's Hospital, Boston, MA). 
Labeling of a- and 0-MHC probes was performed by 5' end-labeling 
method using ^-polynucleotide kinase from New England Biolabs, Inc. 
(Beverly, MA) and [y^P] ATP from NEN Life Science Products (Boston, 
MA). The remaining probes were radiolabeled using standard random 
nanomer method and [a 32 P] dCTP. 

Statistical analysis 

All results are expressed as means ± sem. Statistical analysis was 
done using SPSS, Inc. program version 8 (Chicago, IL). WT and TG mice 
were compared using ANOVA or Student's f test. 

Results 

Transgene expression 

. The transgene construct, pHT1402 is shown in Fig. 1. 
Southern blotting identified a 3-kb Xbal fragment of the 
mouse type 2 deiodinase (dio2) gene as well as a 1.35-kb band 
of the human D2 transgene both containing sequences ho- 




FlG. 1. The human type 2 iodothyronine deiodinase (hDjj) transgene 
construct (pHT1402) in tie pBS2-SK+ vector. The entire region 5' to 
the translation initiation codon in exon 3 of the mouse a-MHC gene 
was used to drive the tissue-specific expression of b_D 2 . The hD 2 coding 
sequence was flanked at the 3' position by the SECIS element of rat 
SelP to allow for insertion of selenocysteine. BamHl was used to excise 
the transgene for oocyte injection. Mouse genomic DNA was digested 
withXoal. TG mouse DNA produced a 1.37-kb fragment of the trans- 
gene (lanes 2 and 3 on the inserted picture) and a 3.67 kb native mouse 
D 2 band (lanes 1 to 4), which hybridized with an Xbal, Accl coding 
fragment of rat D 2 cDNA. 



16 TRANSGENIC MODEL FOR CARDIAC-SPECIFIC THYROTOXICOSIS 



mologous to the fragment of the second exon of the rat dio2 
gene used as a probe (Fig. 1). Two founders, one female and 
one male, were selected and bred. Based on inheritance and 
the signal intensity, line 1 had about 50 copies of transgene 
in the same chromosome and line 2, about 50 copies of 
transgene in at least two different chromosomes. Neither line 
exhibited any phenotypic developmental abnormalities nor 
showed any increased mortality. The growth rate, body 
weight (BW) and heart to body weight ratio (H/BW) were 
not statistically different between WT and TG mice (estimat- 
ed marginal means for 14 week old mice were: 24.3 g vs. 
24.0 g, P = 0.87 for BW and 4.32 mg/g vs. 4.14 mg/g, P = 0.59 
for H/BW ratio). Both WT and TG males had slightly larger 
body weight then age-matched females (estimated marginal 
means for 14-week-old mice were 26.8 for males and 21.7 for 
females, P = 0.16, WT plus TG combined). 

Northern blot analysis in both lines confirmed a high level 
of transgene expression in the heart and lungs, the organs 
where the a-MHC gene is normally expressed (29). The D2 
activity in theTG heart was almost 100 and 1000 times higher, 
respectively, than in the pituitary gland or in the cortex 
where D2, but not the a-MHC gene, is normally expressed. 
The kinetic studies of outer ring T 4 deiodination showed, 
typical for D2, Km of about 1 nM, and lack of PTU inhibition. 
There were no age (tested by the regression analysis, R = 



Voi*H2 0 .*No°i 

0.27, P = 0.32) or gender-dependent significant differences in 
transgene expression (males 58.7 ± 8, and females 81 ± 8 
pmol of I released /mg-h, P = 0.09, n = 11 for males and n = 
5 for females). Based on a 2 h assay with 300 /xg of myocardial 
protein, wild-type mouse heart did not contain D2 activity 
and no mD2 mRNA was found by Northern analysis. 

Thyroid hormone concentrations in myocardium and blood 

The myocardial T 3 concentration was 12.8 ± 0.9 ng of T 3 /g 
of protein in TG (n = 17) and 11.2 ± 0.8 ng of T 3 /g of protein 
in WT mice, P = 0.2 (n = 15). There was a tendency for the 
myocardial T 3 to be higher in TG than in WT males, but this 
was not statistically significant (14.8 vs. 11.4 ng of T 3 /g of 
protein, P = 0.09). There were no significant differences in 
myocardial T 3 content between lines 1 and 2 (11.3 and 13.6 
ng of T 3 /g of protein, P = 0.31). Serum T 3 and T 4 concen- 
trations were not different between TG and littermate WT 
mice indicating that there was no significant increase in 
systemic T 3 production (0.48 vs. 0.53 ng/ml, P = 0.15, n = 48 
and 27.7 vs. 27.7 ng/ml, P = 0.96, n = 49 for T 3 and T 4 , 
respectively). There were no gender differences in serum T 3 
and T 4 concentrations (0.50 vs. 0.51 ng/ml, P = 0.63 and 28.3 
vs. 27.1 ng/ml, P = 0.91, males vs. females, respectively). 
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Fig. 2. Physiological parameters (A) and results of 31 P NMR spectroscopy (B) during isolated perfusion of mouse hearts (mean and SEM for the 
8 WT and 8 TG hearts expressed as % of the mean WT values, * P < 0.05). LVDP, Left ventricular developed pressure; HR, heart rate; RPP, 
rate pressure product, +dP/dT, rate of systolic pressure rise; -dP/dT, rate of diastolic pressure fall; Pi, inorganic phosphate, PCr, phospho- 
creatine; TP, total phosphate; * P < 0.05. In WT hearts mean LVDP = 91 mm of Hg, HR = 284 beats/min, RPP = 25842 mm of Hg-beats/min. 
C, Representative 81 P NMR spectra of a WT and a TG heart. 



TRANSGENIC MODEL FOR CARDIAC-SPECIFIC THYROTOXICOSIS 



17 



Myocardial function and high energy phosphate compounds 
Myocardial performance parameters are shown in Fig. 2A. 
The perfused TG and WT hearts (8 littermate and 4 inbred 
FVB/C57 wild-type mice matched for age and gender) were 
the same size. Transgenic hearts exhibited greater basal car- 
diac function as reflected in a higher basal heart rate and rate 
pressure product, although 2/3 of this effect was due to the 
increase in heart rate (Fig. 2A). Therefore contractile function 
(expressed as RPP/g) in the TG hearts was increased about 
25% compared with wild-type hearts (2.87 ± 0.23 X 10 s 
rnmHg/rnin/gww vs. 2.18 ± 0.12 X 10 5 mmHg/min/gww; 
P =■ 0.014). There was no difference in + dP/dt between 
groups (TG mice: 4222 ± 381 mmHg/sec us. WT mice: 3843 ± 
121 mmHg/sec; P = 0.08). Similarly, there was no increase 
in the relaxation rate in the transgenic hearts at baseline (TG 
mice: -2327 ± 228 mmHg/sec vs. WT mice: -2550 ± 95 
mmHg/sec; P = 0.18). 

We also assessed the consequences of mild chronic myo- 
cardial thyrotoxicosis by 31 P NMR spectroscopy and direct 
biochemical measurements. The spectral analysis showed a 
decrease in PCr and PCr/ATP and calculated ADP values in 
TG hearts (Fig. 2, B and 2C). Biochemical measurements 
confirmed lower PCr as well as showing depressed total 
creatine concentration in TG hearts (Table 1). The levels of 
ATP, Pi and free energy of hydrolysis of ATP were un- 
changed in the TG hearts. The calculated intracellular pH 
was also unchanged. There was no difference in the myo- 
cardial levels of glycogen or glucose-6-phosphate (G-6-P). 
CK activity in the transgenic heart was unchanged (51.0 ± 7.0 
mM/sec in WT and 48.9 ± 3.0 mM/sec in TG mice, P = 0.79, 
n = 4 for each group) and there were no differences in the 
activity of CK isoenzymes (Table 1). 

Effects of myocardial thyrotoxicosis on thyroid hormone 
responsive genes 

We evaluated the effect of myocardial D2 expression on 
the mRNA concentrations of a-MHC, 8-MHC, SERCA II, and 
HCN2 in the ventricular myocardium by Northern analysis 
(Fig. 3). The mRNA for the HCN2 gene has recently been 
shown to increase in response to thyroid hormone in rats (7). 



Substance assayed" 



(mean ± sem) (mean ± sem) 



Glycogen (ftmol/g of dw) 


81.7 




7.7 


73.5 




10.8 


0.55 


G6P (mM) 


0.21 




0.05 


0.53 




0.19 


0.15 


ATP(mM) 


10.8 




0.4 


10.8 




0.6 


0.97 


PCr(mM) 


9.8 




0.3 


15.7 




1.6 


0.01 


CrfcnM) 


19.1 




1.0 


28.9 




1.1 


<0.01 


Mean CK (mM/sec) 


48.9 




3.0 


51.0 




7.0 


0.79 


MB CK (mM/sec) 


1.98 




0.09 


2.16 




0.34 


0.61 


BB CK (mM/sec) 


0.84 




0.17 


0.64 




0.08 


0.33 


MM CK (mM/sec) 


27.9 




1.8 


29.1 




4.0 


0.78 


Mitochondrial CK (mM/sec) 


18.2 




1.3 


19.1 




2.6 


0.78 


AK (mM/sec) 


6.8 




0.7 


5.3 




0.9 


0.23 



" All hearts (n = 4 for each group) were perfused for 30 min before 
freezing. G6P, Glucose 6-phosphate; PCr, phosphocreatine; Cr, cre- 
atine; CK, total creatine kinase; MB, BB, MM, cardiac, brain, skeletal 
muscle specific creatine kinase isoenzyme; AK, adenosine kinase. 

6 Statistical analysis was done by t test. 
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Fig. 3. Representative Northern blots of4WT and 4 TG myocardial 
total RNA probed for various thyroid hormone responsive genes and 
cyclophilin. The statistical analysis was performed' for 12 WT and 12 
TG hearts. Only the differences in HCN2 and /3-MHC were statisti- 
cally significant. In all hearts the /3-MHC mRNA was much less 
abundant then a-MHC mRNA such that blots were exposed for 8 days 
for /3-MHC, whereas only 8 h for a-MHC. 

We also found this was increased in TG mice (P < 0.05, n = 
12, Fig. 3). Surprisingly, a-MHC and SERCA II mRNAs were 
not altered (Fig. 3). The /3-MHC mRNA was significantly 
increased in TG hearts, although in the euthyroid state both 
WT and TG myocardium expressed almost exclusively 
a-MHC mRNA (Fig. 3). 

Thyroid hormone regulation of the a-MHC-D 2 transgene 

The expression of D2 mRNA was driven by the a-MHC 
promoter, which is positively regulated by thyroid hormone 
(30). However, because the endogenous a-MHC mRNA was 
not affected by the rather minimal increase in myocardial T3, 
it was not clear if endogenous T 3 contributed to the high D2 
expression in TG myocardium. Furthermore, it might be 
expected that increased myocardial T 4 to T 3 conversion by 
hD2 might protect the heart against hypothyroidism. To 
explore these issues, three groups of TG and WT animals 
were kept on a low-iodine, PTU containing diet for 4, 8, and 
12 days, respectively. This time was chosen based on pre- 
liminary experiments in which D2 activity fell to undetect- 
able levels after 3 weeks on this regimen. D2 activity in the 
myocardium fell in parallel with the serum T 4 concentration 
with the lowest level found at 12 days (Fig. 4). These results 
confirmed the positive feedback of the D2 transgene by the 
endogenous thyroid hormone. At the same time, there was 
a time-dependent decrease in a-MHC and an increase in 
/3-MHC mRNA levels in both TG and WT myocardium (Fig. 
4). There was no statistically significant difference between 
WT and TG mice in the a-MHC, /3-MHC, or SERCA mRNA 
level (by ANOVA, P > 0.25 for the effect of transgene on the 
expression of each mRNA) during induction of hypothy- 
roidism suggesting that there was no protection of myocar- 
dial thyroidal status by myocardial hD2 (Fig. 4). 

Discussion 

D2 activity and mRNA level in the TG myocardium was 
extremely high, about 1000 times that in the normal euthy- 
roid cortex with no activity detectable in WT hearts, con- 
firming the strong transcriptional activity of a-MHC pro- 
moter. D2 activity was also present in lung because the 
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Fig. 4. a, Changes in SERCA II; b, a-MHC; and c, 0-MHC mRNA during induction of hypothyroidism in WT and TG myocardium. All mRNA 
values are shown as a percentage of mean baseline mRNA level for TG mice. There were no significant differences between WT and TG mice 
as analyzed by AN OVA. d, Changes in D 2 transgene activity in TG hearts paralleled the changes in a-MHC mRNA. 



a-MHC promoter also directs expression in the intimal walls 
of the veins and venules in that organ (29). The most sur- 
prising result of the experiment was the absence of a major 
effect on the myocardial T 3 concentration considering the 
level of D2 expression. In the cerebral cortex, for example, 
much lower D2 activity results in sufficient local T 3 produc- 
tion to saturate approximately 80% of the thyroid hormone 
receptors (9). The failure of tissue T 3 concentrations to rise to 
higher levels could have a number of explanations. D2 ac- 
tivity is expressed only in myocytes, which make up only 
about 50% of the myocardial cells and account for about 70% 
of the total myocardial proteins (3). Because the T 3 concen- 
tration was measured in whole heart homogenate and de- 
nominated by total myocardial protein, the difference be- 
tween WT and TG is slightly underestimated. Nevertheless, 
even if corrected for the above factor, the increase in myo- 
cardial T 3 concentration is quite modest This finding cannot 
be explained by the artifactual degradation of T 3 during 
tissue processing because there was no significant degrada- 
tion of T 3 in tissue homogenate when incubated at 4 C for 6 h 
(data not shown). Nor can it be explained by intracellular T 4 
to T 3 conversion in WT myocardium because this is not 
detectable. 

There are other potential factors that could lead to lower 
T 3 production than one might anticipate based on the results 
of in vitro D2 assays. An as yet unidentified tMol-containing 



cellular cofactor is required for iodothyronine deiodination. 
Because the mouse myocyte does not normally convert T 4 to 
Ta, the level of this cofactor may be much lower than in brain, 
pituitary gland or brown fat. Alternatively, there may be 
limited T 4 uptake by the rodent myocyte The molecular 
mechanism for T 4 and T 3 transport is only now being un- 
raveled. One report indicates that T 4 transport into the heart 
is not temperature-dependent as is that of T3, suggesting that 
it may not be an active process (31). Furthermore, when T 3 
is produced, it may well diffuse rapidly from myocytes into 
the circulation due to the high myocardial blood flow. Al- 
though this is an attractive hypothesis, the similar concen- 
trations of serum T 4 and T 3 in the sera of the TG and WT 
animals imply that the rate of total body conversion of T 4 to 
T 3 is not significantly increased by the expression of D2 in the 
myocardium. In all species examined to date, the fraction of 
T 4 converted to T 3 per 24 h in the whole animal is less than 
50% (32, 33). If that fraction were to increase significantly, one 
would expect a downward adjustment of T 4 production by 
the hypothalamic-pituitary feedback system such that the 
serum T 4 might well be reduced with no change or perhaps 
a slight increase in serum T 3 . The opposite change in serum 
T 4 has been documented in the C3H mouse in which a genetic 
decrease in Dl expression causes a 2-fold increase in circu- 
lating T 4 but no change in serum T 3 (34, 35). The intact mouse 
is a closed system so that thyroid status must remain constant 
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despite any changes in the relative fraction of T 4 to T 3 
conversion. 

Thyroid hormone response elements have been identified 
in the murine a-myosin heavy chain promoter, which was 
used to induce myocardial-specific D2 expression (29, 30). 
Thus, one would anticipate that a feed-forward mechanism 
might be present in the TG myocardium to increase D2 
expression. The sensitivity of D2 expression to thyroid hor- 
mone is apparent from the results in Fig. 4. We took advan- 
tage of the sensitivity of the endogenous a- and jS-MHC 
. promoters to thyroid status to determine whether the ex- 
pression of D2 would protect the myocardium against the 
effects of hypothyroidism. Although the thyroid hormone- 
dependence of D2 expression makes this experiment more 
problematic than it would be if D2 expression remained 
constant, we found no evidence that the rransgene affects the 
onset of hypothyroidism-induced changes in myocardial 
gene expression (Fig. 4). 

There was remarkably little effect of the transgene expres- 
sion on the mouse. Growth rates were not different between 
TG and littermate controls and there was no alteration in the 
ratio of heart to body weight, which is a parameter com- 
monly increased by excess thyroid hormone (36). This is 
consistent, with the concept that the increased protein syn- 
thesis and hypertrophy of the hyperthyroid heart requires 
the increased myocardial work normally associated with 
systemic thyrotoxicosis (36). Unloading the heart by heter- 
otopic cardiac transplantation has been shown to decrease 
overall protein synthesis and heart weight (37). In the same 
model, thyroid. hormone excess induced increases in a-MHC 
mRNA is seen although unloading of the heart by itself leads 
to similar gene expression rearrangement as occurs in hy- 
pothyroidism (5). In euthyroid hearts, for example, there are 
minimal, if any, changes in a-MHC mRNA levels induced by 
treatment with excess thyroid hormone (7, 38). 

The most striking evidence for myocardial thyrotoxicity of 
the TG animals was detected in the performance of the iso- 
lated heart. There was an approximately 20% increase in 
heart rate and an 30% increase in the rate pressure product 
(Fig. 2a). This result is consistent with earlier studies in iso- 
lated perfused rat hearts where alterations in thyroid status 
cause parallel alterations in basal heart rate (39, 40). It is also 
consistent with the current interpretation that the increase in 
heart rate induced by thyroid hormone is, at least partially, 
intrinsic to the muscle and does not require either changes in 
the autonomic nervous system or circulating catecholamines. 
A potential explanation for the increase in the intrinsic heart 
rate is the increased HCN2 expression found in TG animals. 
We have recently observed that HCN2 is thyroid hormone- 
responsive in rats although the major change in this mRNA, 
like that for a-MHC, occurs during the hypothyroid to eu- 
thyroid transition (7). In acutely thyrotoxic rats, there was a 
doubling of HCN2 mRNA from the hypothyroid to euthy- 
roid state but only a 15% further increase during transition 
from euthyroidism to hyperthyroidism. Little is known of the 
factors regulating the mbuse HCN2 gene. A recent commu- 
nication suggests that it too may be thyroid hormone re- 
sponsive. HCN2 mRNA levels were reduced about 50% in 
hypothyroid mice and were twice normal in hyperthyroid 
mice (41). In addition, the level of HCN2 mRNA was shown 



to be primarily regulated by a rather than by /3 thyroid 
hormone receptors (42). This could account for the fact that 
there was an increase in the mRNA for this gene but not that 
of a-MHC or SERCA II in the TG hearts. Such a species 
difference would also raise the possibility that in humans the 
HCN2 gene might also be positively regulated between the 
euthyroid and hyperthyroid state. This could account for the 
common observation of tachycardia as one of the earliest 
physical manifestations of thyrotoxicosis in humans. Al- 
though an increase in spontaneous heart rate correlated with 
the increase in HCN2 gene expression in the transgenic ven- 
tricles, it is well known that thyroid hormone action may be 
chamber specific and further studies analyzing HCN2 ex- 
pression in atrial pacemaking cells will be needed to deter- 
mine whether similar effects occur (43). 

In association with the increased intrinsic heart rate, the 
31 P NMR as well as biochemical measurements demon- 
strated a significant reduction in phosphocreatine in the 
transgenic hearts (Fig. 2, B and C, and Table 1). This was 
associated with a decrease in creatine level in the TG mice 
(Table 1). Both of those findings have been reported in the 
myocardium of hyperthyroid rats (20, 44). The decreased PCr 
may make the TG mouse heart more susceptible to ischemic 
challenge with a more rapid decrease in ATP and a greater 
increase in Pi than occurs under normal circumstances. Such 
effects could then lead to decreases in myocardial pH and 
reduced cardiac function (25). Testing to determine the va- 
lidity of such predictions is currently in progress. 

The changes, such in myocardial performance and bio- 
chemistry, induced by chronic D2 overexpression are unex- 
pected. Some of the more striking alterations in gene expres- 
sion expected on the basis of earlier short-term, high dose of 
exogenous thyroid hormones did not occur. In humans, only 
modest increases in serum T 3 and T 4 (within the normal 
range) are required to cause suppression of TSH. There is 
considerable controversy about whether or not such sub- 
clinical hyperthyroidism, manifested only by a suppressed 
TSH, is physiologically significant (45). Because the changes 
demonstrated in these mice occur with minimal increases in 
myocardial T 3 together with the fact that the human myo- 
cardium also expresses D2 mRNA, modest increases in cir- 
culating T 4 and T 3 would have similar effects on the human 
myocardium. Supporting this is a recent report that in a 
group of patients with normal thyroid hormone levels but 
suppressed TSH, 24-h Holter monitoring showed an increase 
in heart rate from 71 to 82 beats per minute compared with 
age-matched controls (45). Thus, mice expressing^ D2 trans- 
gene may provide a model for evaluation of the conse- 
quences of mild chronic thyrotoxicosis on myocardial func- 
tion which is hard to generate by any other technique. 
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Catheter-Delivered In Vivo Gene Transfer into Rat 
Myocardium Using the Fusigenic Liposomal 
Mediated Method 

Ken SHINMURA, MD, Ryuichi MORISHITA, MD, Motokuni AOKI, MD, 
Jitsuo HlGAKJ, MD, Toshio OGIHARA, MD, Yasufumi Kaneda, 1 MD, 
and Masato TANI, MD 

Summary 

We compared the efficacy of four different in vivo hemagglutinating virus of Japan 
(HVJ)-liposome gene transfer methods, i.e., direct myocardial injection (IM), injection 
into the left ventricular cavity (LV), infusion at the level of the coronary cusps (CI), or 
injection into the left ventricular cavity with a balloon catheter blocking aortic flow 
(LV+B) to transfer p - galactosidase, FITC-labeled oligodeoxynucleotide (ODN), and / or 
Iuciferase genes into the rat heart. IM caused highly efficient gene transfer in the limited 
area around the injection site, which suggests that IM may be a suitable method for tar- 
geted treatment of focal lesion. In the LV+B group, all rats had myocardial /} - galactosi- 
dase staining and fluorescence of FITC-labeled ODN in the nuclei of cardiac myocytes 
around the coronary arteries and the vasa vasorum, and some transfected myocytes were 
observed in the middle of the myocardium without any evidence of injury. In contrast, in 
the CI group, only half of the animals had myocardial expression of f) - galactosidase. In 
contrast, fluorescence or Iuciferase activity was present throughout the left ventricle in 
the LV+B group. However, the percentage of myocytes that exhibited fluorescence was 
less than 1% of the total ventricular myocyte population and Iuciferase activity in the 
LV+B group was 1.6% of that in the IM group. No evidence of Iuciferase expression was 
observed in brain, lung, liver, kidney, or testis in either the IM or LV+B group. These 
results suggest that HVJ-liposome gene transfer into the myocardium through the coro- 
nary arteries using a balloon-catheter technique is safe and has the potential for causing 
widespread transgene expression with organ-specificity, although the efficiency of gene 
transfer should be improved. (Jpn Heart J 2000; 41: 633-647) 

Key words: Gene therapy, Gene expression, Histopathology, Myocytes, Coronary cir- 
culation 

RECENT advances in molecular biology techniques have provided genetic 
information about cardiovascular diseases. Further, gene therapy represents a 
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potential strategy for the treatment of cardiovascular diseases. 1,2) In fact, several 
gene transfer methods, including adenoviral and liposomal transfer, are being 
used clinically for human gene therapy for certain diseases. However, the use of 
gene therapy to treat cardiac diseases has been limited because it is very difficult 
to transfect cardiac myocytes efficiently in vivo. Recent reports have suggested 
that adenoviral vectors can be used as an efficient means of myocardial transfec- 
tion via direct injection or coronary infusion. 3 "^ However, because of theoretical 
disadvantages, in addition to concerns about safety, 8 ' 9) there are continued efforts 
to develop novel vector systems for myocardial transfection. 

We have previously demonstrated efficient gene transfer into the rat 
heart using a Hemagglutinating Virus of Japan (HVJ)-liposome method 
that has been used to transfect blood vessels, liver, and kidney. We have 
employed three different approaches to transfect the heart using HVJ-lipo- 
somes: direct myocardial injection, coronary infusion, and pericardial 
incubation. I0) However, we have not compared the transfection efficiency 
of the three approaches. In addition, it is important to develop catheter- 
based methods for the clinical applications of gene transfer since direct 
myocardial injection or pericardial incubation may potentially damage cor- 
onary arteries or provoke arrhythmias while catheter-based methods can 
be used during a usual catheterization procedure. Development of in vivo 
methods of gene transfer via catheter-based techniques may provide an 
approach for treating myocardial diseases including myocardial infarction 
and cardiomyopathy. 

In this study we evaluated the transfection efficiency of four different 
transfer methods: 1) direct injection into the myocardium, 2) injection into 
the left ventricular cavity, 3) infusion at the level of the coronary cusps, 
and 4) injection into the left ventricular cavity with blockade of aortic 
flow by a balloon catheter. We assessed transfection efficiency using the 
luciferase gene, as well as the tissue distribution of transgene expression 
and oligodeoxynucleotide (ODN) distribution using the ft - galactosidase 
gene and FITC-labeled ODN, respectively. Moreover, the tissue-specific- 
ity of transgene expression using these approaches was also examined. 

Materials and Methods 

Construction of plasmids and FITC-labeled ODN: We obtained a fi - galacto- 
sidase gene expression vector driven by the SV 40 promoter (LacZ Ncl) 
from a commercial source (Promega Corporation, Madison, WI). The 
luciferase gene expression vector was driven by the EB virus promoter 
(pEBT LuCNII). 10) We also constructed a control expression vector without 
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the Iuciferase gene driven by the EB virus promoter. FITC-labeled ODN 
were purchased from Nihon-Seifun (Gunma, Japan). FITC was added to 
the 3' and 5' ends of the ODN (16 base pairs: 5'-CCT-TGA-AGG-GAT- 
TTC-CCT-CC-3'). The ODN were lyophilized, resuspended in PBS, and 
quantified by spectrophotometry. 111 ^ 

Preparation of HVJ-liposome: HVJ (Sendai virus; Z strain) was propagated 
in chorioallantoic fluid of embryonated eggs. 1113) Briefly, HVJ was col- 
lected by centrifugation at 27,000 g for 40 minutes and resuspended over- 
night in BSS(-) (137 mM NaCl, 5.4 mM KC1, 10 mM Tris-HCl, pH 7.6). 
This procedure was repeated at least twice. The resuspended HVJ was 
stored at -4°C and used within 1 week after purification. The hemagglu- 
tinating activity of HVJ was determined as described previously. n ~ 14) A 
measurement of 1 absorbance unit at 540 nm for an HVJ suspension (1 
mg / ml protein) was equivalent to 15,000 HAU / ml of fusigenic activity. 
The preparation of the HVJ-liposome complex has been previously 
described. I120) Briefly, phosphatidylserine, phosphatidylcholine, and cho- 
lesterol were mixed in tetrahydrofuran at a weight ratio of 1 : 4.8 : 2. The 
lipid mixture (10 mg) was deposited on the sides of a flask by removal 
of the tetrahydrofuran using a rotary evaporator. The dried lipid was 
hydrated in 200 fil of balanced salt solution (BSS; 137 mM NaCl, 5.4 mM 
KC1, 13 mM Tris-HCl, pH 7.6) containing plasmid-HMG (high mobility 
group)- 1 complex (200 fig : 64 fig), which had previously been incubated 
at 20°C for 1 hr. Liposomes were prepared by shaking and sonicating the 
mixture. Purified HVJ (Z strain) was inactivated by UV irradiation (110 
erg / mm 2 / sec) for 3 min just before use. The liposome suspension (0.5 
ml, containing 10 mg of lipid) was mixed with HVJ (30,000 HAU) in a 
total volume of 2 ml of BSS. The mixture was incubated at 4°C for 10 
min and then for 30 min with gentle shaking at 37°C. The Free HVJ was 
separated from the HVJ-liposome complex by sucrose density gradient 
centrifugation. The final concentrations used in the present study were 20 
fig I ml for the HVJ-liposome complex and 1 fiM for the FITC-ODN. We 
used HMG-1 with HVJ-liposome complex to enhance the migration of 
plasmid DNA into the nucleus. 15,20 However, HMG-1 was not used for 
ODN transfer because ODN can easily migrate into the nucleus without 
HMG-1. 

In vivo myocardial gene transfer: Male Sprague-Dawley rats (300 to 350 g; 
Charles River Breeding Laboratories, Kanagawa, Japan) were anesthetized 
with an intraperitoneal injection of sodium pentobarbital (20 mg /kg). Rats 
were then intubated and mechanically ventilated. Following the transfec- 
tion summarized below and in Figure 1, rats were sacrificed 5 days (plas- 
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mids) or 2 days (FITC-labeled ODN) after transfection. The protocols used 
in the present study conform to the principles set forth in the Guide for 
the Care and Use of Laboratory Animals published by the US National 
Institutes of Health (NIH Publication No. 85-23, revised 1996). 
Direct myocardial injection (IM group; n=15) : HVJ-liposomes (400 fjJ) 
were carefully injected through a left lateral thoracotomy directly into the 
anterior wall and apex of the heart using a 30G needle. The chest incision 
was then closed. 

Direct injection into the left ventricular cavity (LV group; n=12) : HVJ - 
liposomes (800 fif) were carefully injected directly into the left ventricular 
cavity through the anterior wall using a 30G needle via a left lateral tho- 
racotomy. The chest incision was then closed. 

Aortic cusp infusion (CI Group: n=10) : The right common carotid artery 
was surgically exposed. A cannula (PE50) was introduced into the com- 
mon carotid artery, and advanced to the level of the aortic valve through 
the ascending aorta. The cannula was positioned at the aortic cusp just 
above the aortic valve for infusion of the HVJ-liposome complex (800 /x/) 
over 10 sec at room temperature. After infusion, the cannula was removed. 
No adverse neurologic or vascular effects were observed in any of the ani- 
mals undergoing this procedure. 

Direct in jection into the le ft ventricular cavity with blockade o f ascending 
aortic flow by a balloon catheter (LV+B Group; n=13) : The right com- 
mon carotid artery was surgically exposed. A balloon catheter (Fogarty 2F, 
Baxter, Tokyo, Japan) was introduced into the common carotid artery and 
advanced to the level of the aortic valve as described above. The balloon 
was inflated with 0.3 ml of air and positioned at takeoff of the brachio- 
cehalic artery during the infusion of the HVJ-liposome complex. HVJ-lipo- 
somes (800 fjJ) were injected directly into the left ventricular cavity as 
described above. The chest incision was then closed and the balloon cath- 
eter removed. 

Analysis of lucif erase activity: Firefly luciferase activity was measured 
using a luciferase assay system (PicaGeneTM; Toyo-Inki, Tokyo, Japan). I0) 
Rats were sacrificed 5 days after transfection as described above. The 
hearts were rapidly excised and frozen in liquid nitrogen. In some rats, 
the entire left ventricle was homogenized in lysis buffer. In other rats, the 
left ventricle was divided into four regions: anterior wall, septum, poste- 
rior wall, and apex. Each portion was homogenized separately in lysis 
buffer. The brain, lung, liver, kidney, and testis from some of the rats in 
the IM and LV+B groups were isolated and homogenized in lysis buffer. 
Tissue lysates were centrifuged (3000 rpm, 10 min), and 20 fd of super- 
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natant was mixed with 100 yd of luciferase assay reagent. The measure- 
ment of luminescence was initiated 5 sec after addition of sample and 
continued for 10 sec. The chemiluminescence (light intensity) produced 
during 10 sec was used for the calculation of luciferase activity. The 
luciferase activity in each sample was corrected for protein content and 
expressed as light intensity / mg protein. 

Staining for /?- Galactosidase: Histochemical analysis for /3 - galactosidase 
was performed 7 days after transfection with the HVJ-liposome complex 
containing the galactosidase gene. 10) Rats were sacrificed 3 days after 
transfection and tissues were fixed with 1% glutaraldehyde in PBS for 3 
hr at 4°C. After fixation, the tissues were processed in a standard manner. 
Specimens were stained with 5-bromo-4-chloro-3-indolyl-/?-D-galactoside 
as previously described. 20) Sufficient buffered X-gal chromagen solution 
was added to cover the tissue slices. Buffered X-gal solution was prepared 
from solution A and solution B (A : B = 1 : 99) [solution A : 49 mg 5- 
bromo-4-chloro-3-indolyl-/3-D-galactoside dissolved in 1 ml dimethylfor- 
mamide, solution B : 1 M MgCl 2 and 3 M K<Fe (CN) 6 dissolved in PBS]. 
After an overnight incubation, the sections were mounted and analyzed by 
microscopy. In order to determine the degree of background staining, 
hearts transfected with HVJ-liposome complex containing a control vector 
lacking the f3 - galactosidase gene and untransfected hearts were processed 
in the same manner. 

Morphologic analysis of FITC-ODN: HVJ-liposome complex containing 
FITC-labeled ODN (1 ^M) was transfected using one of two methods: 1) 
direct myocardial injection (IM group; Figure 1A), and 2) direct injection 
into the left ventricular cavity with blockade of ascending aortic flow by 
a balloon catheter (LV+B Group; Figure ID). Rats were sacrificed, perfu- 
sion-fixed with 4% paraformaldehyde, and the tissue processed in a stan- 
dard manner. Sections were examined by fluorescence microscopy after 
staining with eriochrome black T solution. Elastic fibers, which stain dark 
red with eriochrome black T solution, were readily distinguishable from 
the myocytes containing FITC-labeled ODN. 12 ' ,3) 

Statistical analysis: All values are expressed as the mean ± SEM. Analysis 
of variance with subsequent Bonferroni's test was used for multiple com- 
parisons. Values of p < 0.05 were considered statistically significant. 
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C D 

CI group LV + B group 




Figure 1. Schema for in vivo gene transfer. A: IM group: direct myocardial injection. B: LV 
group: Injection into the left ventricular cavity. C: CI group: the aortic cuspid infusion. D: LV+B 
group: Injection into the left ventricular cavity with blocking of ascending aortic flow by a balloon 



Results 



/?- Galactosidase staining in the myocardium: Direct injection of the HVJ- 
liposome complex containing the fi - galactosidase vector into the myocar- 
dium (IM group) resulted in intense P - galactosidase staining at the injec- 
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Figure 2. Staining for /? - galactosidase activity in hearts transfected with 
the fi- galactosidase gene in the IM and LV+B groups. (A) - galactosidase 
staining of myocytes transfected with control vector (x200) in the IM 
group; (B) /)- galactosidase staining in the IM group (x200, arrow indi- 
cates the injection site); (Q /? - galactosidase staining in the LV+B group 
(x 200, arrow indicates positively stained myocytes around the coronary 
arteries and the vasa vasorum). 
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tion site 5 days after transfection (Figure 2B), which is consistent with 
our previous findings. I0) All of the rats in the IM group exhibited evidence 
of myocardial staining. Although the percentage of cells around the injec- 
tion site that contained p - galactosidase was very high (approximately 
80%), the staining was limited to around the injection site. In addition, 
significant injury and fibrosis were observed at the injection site (arrow 
in Figure 2B shows the injection site). In order to avoid injury and fibrosis 
by direct injection, we also performed direct injection into the left ven- 
tricular cavity (LV group). Compared to the IM group, there were fewer 
myocytes that contained ft - galactosidase. Although the staining was 
detected primarily in myocytes around the coronary arteries (data not 
shown), p - galactosidase activity was present in only 1 of the 4 rats in 
the LV group (25%). 

Based on these results, we attempted to infuse the HVJ-liposome 
complex into the coronary arteries for in vivo myocardial gene transfer. 
Direct infusion of HVJ-liposome complex at the level of the aortic cusp 
(CI group) resulted in staining of myocytes for P - galactosidase activity, 
but with no evidence of injury (data not shown). Myocytes staining for 
P - galactosidase were observed around the coronary arteries and vasa 
vasorum. However, only 2 of the 4 rats (50%) transfected with the P - 
galactosidase vector exhibited evidence of staining. The low frequency of 
transfection may be due to technical difficulties associated with maintain- 
ing the position of the catheter in the coronary artery. 

To increase the volume of HVJ-liposome complex delivered into the 
coronary arteries, we injected the HVJ-liposome complex into the left ven- 
tricular cavity while blocking ascending aortic flow with a balloon catheter 
(LV+B group). Numerous cardiac myocytes stained for p - galactosidase 
activity around the coronary arteries and vasa vasorum (Figure 2C, arrow). 
Furthermore, transfected myocytes were observed in the middle of the 
myocardium (Figure 2C). All of the rats transfected with the P - galactosi- 
dase vector in the LV+B group exhibited evidence of staining (100%). 
There were no myocytes that stained for fi - galactosidase activity in rats 
transfected with a control vector (Figure 2A) or in untransfected rats (data 
not shown). No evidence of cytotoxicity or inflammation caused by the 
HVJ-liposome complex was observed in the LV+B, IC, or LV groups. 
Comparison of FITC-labeled ODN distribution between the IM and LV+B groups: 
To characterize the localization of transfected cells further, FITC-labeled 
ODN were also used to transfect cells. As shown in Figure 3C, fluores- 
cence was observed in the nuclei of cardiac myocytes in both the IM and 
LV+B groups 2 days after transfection. In the IM group, myocytes show- 
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Figure 3. Fluorescence in hearts transfected with FITC-labeled ODN in 
the IM and LV+B groups. A: Fluorescence at the injection site in the IM 
group (x 200, arrow indicates the injection site). B: Myocardial fluores- 
cence in the LV+B group (x 200). C: Myocardial fluorescence in the LV 
+ B group (x 400, fluorescence was observed in the nuclei of cardiac 
myocytes and endothelial cells); 
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ing fluorescence were limited to the area around the injection site. How- 
ever, fluorescence was observed in the nuclei of approximately 90% of 
the myocytes around the injection site (Figure 3B). In contrast, myocyte 
fluorescence was present throughout the left ventricle in the LV+B group. 
The percentage of myocytes that exhibited fluorescence was < 1% of the 
total ventricular myocyte population. In addition to myocytes, endothelial 
cells in the capillaries also exhibited round fluorescence in the LV+B 
group (Figure 3C). In contrast, few of the endothelial cells in the IM group 
exhibited fluorescence. 

Transfection efficiency assessed by luciferase activity: We compared the trans- 
fection efficiency of the 4 methods by determining luciferase activity in 
the whole left ventricle (Table). In the LV+B group, luciferase activity was 
1.6% of the value for the IM group (p <0.01), but was still significantly 
greater than in the LV or CI groups (data not shown). When comparing 
the distribution of luciferase activity in the different regions of the left 
ventricle, luciferase activity was detected only in the anterior wall and 
apex around the injection site in the IM group (Figure 4A). In the LV+B 
group (Figure 4B), luciferase activity was detected in all 4 regions. 
Luciferase activity was greatest in the apex and lowest in the posterior 
wall in the LV+B groups, however, the difference did not reach statistical 
significance. In contrast to the heart, luciferase activity was not detected 
in other tissues (brain, lung, liver, kidney and testis) in either the IM or 
LV+B group. 



Table. Comparison of Luciferase Activities Among the 4 Transfected Groups 





IM group 


LV group 


LV+B group 


CI group 


Number 


6 


6 


4 


4 


HVJ-Iiposome 
Solution applied (jtl) 


400 


800 


800 


800 


Light intensity / mg protein 


24220 ±5970 


30±30*# 


770 ±260* 


90±110*# 


Light intensity / mg protein / ml 
HVJ-liposome solution 


60550 ±13500 


40±30*# 


960±320*# 


110±140*# 


Relative luciferase activity (%) 


100 


0.1 


1.6 


0.2 



Groups are as defined in Figure 1 . * : p< 0.05 vs IM group, # : p < 0.05 vs LV+B group. 
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Figure 4. Distribution of luciferase activity in different regions of the left ventricle in 
die IM (A) and the LV+B (B) groups. AW=anterior wall; S=septum; PW=posterior 
wall; Ap=apex; ND=not detected. 



Discussion 



The ability to express recombinant genes in the coronary vascular sys- 
tem and the myocardium holds promise for the treatment of a number of 
acquired and inherited cardiovascular diseases. Previous in vivo gene 
transfer approaches used in the heart have been limited by a relatively low 
efficiency of gene transduction. 8 - 9) Recently, many researchers have 
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focused on the use of adenoviral vectors, because they can effectively 
transfect in the myocardium. 3 " 7 ) However, use of these vectors has some 
theoretical disadvantages including 1) induction of inflammation and 2) 
production of neutralizing antibodies. 8,9 ) Therefore, it is important to 
develop an efficient and safe gene transfer method for the heart. 

The HVJ-liposome method has been shown to be an efficient gene 
transfer method in blood vessels, the kidney, and the liver. 11 " 18 - 21 ) The 
method utilizes a cell-membrane fusion mechanism which bypasses 
endocytotic uptake. 12 - 13 - 22 ) This approach takes advantage of the ability of 
the HVJ (also known as Sendai virus) envelope to fuse with the cell mem- 
brane at a neutral pH. 12,13,22 ) Moreover, repeated injections of HVJ-lipo- 
some solution do not attenuate transgene expression, suggesting that 
neutralizing antibodies are not produced. 23 ) Recently, we reported that the 
HVJ-liposome method is an efficient and less toxic in vivo myocardial 
gene transfer method. 10 ) We have previously employed three different 
methods of transfection using direct injection, coronary infusion and peri- 
cardial incubation. 10 ) However, we did not compare the transfection effi- 
ciencies of these approaches. Moreover, it is important to develop catheter- 
based approaches for myocardial gene transfer for use in clinical human 
gene therapy. In addition, it is important to develop catheter-based meth- 
ods for the clinical applications of gene transfer since direct myocardial 
injection or pericardial incubation may damage coronary arteries or pro- 
voke arrhythmias during open chest surgery while catheter-based methods 
can be used during usual catheterization procedures. Therefore, in the 
present study, we evaluated the transfection efficiency of four different 
approaches for in vivo gene transfer in the rat myocardium: 1) direct injec- 
tion into the myocardium (IM group), 2) injection into the left ventricular 
cavity (LV group), 3) infusion at the level of the coronary cusps (CI 
group), and 4) injection into the left ventricular cavity with blocking of 
aortic flow by a balloon catheter (LV+B group). 

The present study demonstrated that direct myocardial injection was 
the most effective method for increasing transgene expression in a limited 
area (Table). The high transfection efficiency of intramyocardial injection 
that we found in the present study is consistent with the findings of pre- 
vious reports. 24 " 31 ) However, significant myocardial damage, as evidenced 
by the accumulation of neutrophils and necrosis, was observed at the injec- 
tion site, 24 29) although recent reports may suggest that the focal damage 
at the injection site may be negligible. 30 " 31 ) Another problem in the IM 
group was that the area of transfection was very limited around the injec- 
tion site in the present study (Figure 2), also in keeping with previous 
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reports, 24 " 30 which suggests that IM may be the best method for targeted 
treatment of focal lesions. There were marked differences in the p - galac- 
tosidase activity in the transfected areas between the different approaches 
(Figures 2 & 3). In the LV+B group, staining for /J - galactosidase was 
observed in cardiac myocytes both near microvessels as well as far away 
from capillaries. This finding would suggest that the HVJ-liposome com- 
plex can penetrate the endothelium of microvessels in the heart, and trans- 
feet myocytes. The ability of HVJ-liposomes to penetrate endothelial cells 
is consistent with previous reports of in vivo gene transfer in blood ves- 
se j s ii,i3,i6,i9) j n con t r ast, recent reports of in vivo gene transfer in uninjured 
vessels using adenoviral vectors demonstrated that the transgene localizes 
to the endothelial layer. 32 - 33 * Therefore, adenoviral vectors do not penetrate 
but are trapped in the endothelial cells. This difference in distribution may 
be due to differences in the characteristics of the vector systems (aden- 
ovirus vs HVJ). More importantly, endothelial cells in capillaries could be 
efficiently transfected by injection into the left ventricular cavity with 
blocking of aortic flow by a balloon catheter. 

Infusion of transgenes into the coronary arteries results in the wide- 
spread expression of transgenes in cardiac myocytes as compared with 
direct myocardial injection. 10,34 * However, comparison of the transfection 
efficiencies of direct myocardial injection and infusion into the coronary 
arteries has not previously been examined. The present study demonstrated 
low transfection efficiencies in the LV and CI groups, which may be 
explained by incomplete injection of the HVJ-liposome complex into the 
coronary arteries. This hypothesis is supported by the observation that the 
CI group had a lower transfection efficiency than the LV+B group. There- 
fore, if a smaller double-lumen balloon catheter is developed, injection 
into the coronary arteries with blocking of aortic flow by the balloon may 
be the optimum method to transfect the myocardium and endothelial cells. 
Previous reports have demonstrated a high transfection efficiency with cor- 
onary artery infusion in a transplant model. 35) An added benefit of this 
method is the lack of cytotoxicity and inflammation with the use of HVJ- 
liposome complex. 

Following the intracoronary infusion of adenovirus, wide-spread 
transgene expression can be detected in the liver,, kidneys, lungs, brain and 
testis of animals 5 days after virus infusion. 6 * In contrast, transfection of 
the luciferase gene using the HVJ-liposome method resulted in no 
luciferase activity in any organ except the heart. This myocardium-specific 
transfection would be useful in the study of the effects of gene products 
in the myocardium in the absence of systemic gene expression. Percuta- 
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neous transluminal gene transfer into the heart by intracoronary infusion 
of HVJ-liposome vectors may represent an efficient method of introducing 
recombinant genes into the coronary arterial wall and the surrounding 
myocardium. 

Acknowledgement 

This work was supported in part by grants from the Keio Health Consulting 
Center and the Ministry of Education, Science, Sports and Culture, Japan. 

References 

1. Anderson WF. Human gene therapy. Science 1992;256:808-13. 

2. Miller AD. Human gene therapy comes of age. Nature 1992;357:455-60. 

3. Guzman RJ, Lemarchand P, Crystal RG, Epstein SE, Finkel T. Efficient gene transfer into myocardium by 
direct injection of adenovirus vectors. Circ Res 1993; 73: 1202-7. 

4. Kiishenbaum LA, MacLellan WR, Mazur W, French BA, Schneider MD. Highly efficient gene transfer into 
adult ventricular myocytes by recombinant adenovirus. J Clin Invest 1 993; 92: 3 81 -7. 

5. Schneider MD, French BA. The advent of adenovirus gene therapy for cardiovascular disease. Circulation 
1993;88:1937-42. 

6. Barr E, Carroll J, Kahynych AM, et al. Efficient catheter-mediated gene transfer into the heart using replica- 
tion-defective adenovirus. Gene Ther 1994; 1:51-8. 

7. French BA, Mazur W, Geske RS, BoBi R. Direct in vivo gene transfer into porcine myocardium using replica- 
tion-deficient adenoviral vectors. Circulation 1994; 90: 2414-24. 

8. Dzau VJ, Morishita R, Gibbons GH. Gene therapy in the cardiovascular diseases. Trends Biotechnol 1 993; 11 : 
205-10. 

9. Morishita R, Gibbons GH, Dzau VJ. Gene therapy as potential treatment for cardiovascular diseases. In: Singh 
BN, ed. Cardiovascular Pharmacology and Therapeutics. New York: Livingstone, 1993; 51-61. 

10. Aoki M, Morishita R, Muraishi k,etal. Efficient in vivo gene transfer into the heart in the rat myocardial inf- 
arction model using the HVJ (Hemagglutinating Virus of Japan)-liposome method J Mol Cell Cardiol 1 997; 
29:949-59. 

1 1 . Morishita R, Gibbons GH, Ellison KE, et al. Single intraluminal delivery of antisense cdc2 kinase and prolifer- 
ating-cell nuclear antigen oligonucleotides results in chronic inhibition of neointimal hyperplasia. Proc Natl 
Acad Sci USA 1993; 90: 8474-8. 

1 2. Morishita R, Gibbons GH, Ellison KE, et al. Intimal hyperplasia after vascular injury is inhibited by antisense 
cdk 2 kinase oligonucleotides. J Clin Invest 1994; 93: 1458-64. 

13. Morishita R, Gibbons GH, Kaneda Y, Ogihara T, Dzau VJ. Phannacokinetics of antisense oligodeoxyribonu- 
cleondes (cyclin B 1 and CDC 2 kinase) in the vessel wall in vivo: enhanced therapeutic utility for restenosis by 
HVJ-liposome delivery. Gene 1 994; 149: 13-9. 

14. Morishita R, Gibbons GH, HoriucW M, et al. A gene therapy strategy using a transcription factor decoy of the 
E2F binding site inhibits smooth muscle proliferation in vivo. Proc Natl Acad Sci USA 1995; 92: 5855-9. 

15. Kaneda Y, Iwai K, Uchida T. Introduction and expression of the human insulin gene in adult rat liver J Biol 
Chem 1989; 264: 12126-9. 

16. vender Leyen HE, Gibbons GH, Morishita R, et al. Gene therapy inhibiting neointimal vascular lesion: in vivo 
transfer of endothelial cell nitric oxide synthase gene. Proc Natl Acad Sci USA 1995; 92: 1 137-41. 

1 7. Morishita R, Gibbons GH, Ellison KE, et al. Antisense oligonucleotides directed at cell cycle regulatory genes 
as strategy for restenosis therapy. Trans Assoc Am Physicians 1993; 106: 54-61. 

1 8. Tomita N, HigaW J, Morishita %etal. Direct in vivo gene introduction into rat kidney. Biochem Biophy s Res 
Commun 1992; 1 86: 129-34. 



IN VIVO GENE TRANSFER USING HVJ-LIPOSOME 



647 



19. Morishita R, Gibbons GH, Ellison KE, et al. Evidence for direct local effect of angiotensin in vascular hyper- 
trophy. In vivo gene transfer of angiotensin converting en2yme. J Clin Invest 1994; 94: 978-84. 

20. Kato K, Kaneda Y, Sakurai M, Nakanishi M, Okada Y. Direct injection of hepatitis B virus DNA into liver 
induced hepatitis in adult rats, J Biol Chem. 1991; 266: 22071-4. 

21 . Kaneda Y, Iwai K, Uchida T. Increased expression of DNA cointroduced with nuclear protein in adult rat liver. 
Science 1989; 243: 375-8. 

22. Nakanishi M, Uchida T, Sugawa H, Ishiura M, Okada Y. Efficient introduction of contents of liposomes into 
cells using HVJ (Sendai virus). Exp Cell Res 1 985; 159: 399-409. 

23. Dzau VJ, Mann MJ, Morishita R, Kaneda Y. Fusigenk viral liposome for gene therapy in cardiovascular dis- 
eases. Proc Natl Acad Sci USA 1996; 93: 1 1421-5. 

24. Acsadi G, Jiao SS, Jani A,etal. Direct gene transfer and expression into rat heart in vivo. New Biol 1 99 1 ; 3: 7 1 - 
81. 

25. Buttrick PM, Kass A, Kitsis RN, Kaplan ML, Leinwand LA. Behavior of genes directly injected into the rat 
heart in vivo. Circ Res 1 992; 70: 1 93-8. 

26. Gal D, Weir L, Leclerc G, Pickering JG, Hogan J, Isner JM. Direct myocardial transfection in two animal mod- 
els. Evaluation of parameters affecting gene expression and percutaneous gene delivery. Lab Invest 1993; 68: 
18-25. 

27. Kitsis RN, Buttrick PM, McNally EM, Kaplan ML, Leinwand LA. Hormonal modulation of a gene injected 
into rat heart in vivo. Proc Natl Acad Sci USA. 1991 ; 88: 4138^2. 

28. Lin H, Parmacek MS, Mode G, Boiling S, Leiden JM. Expression of recombinant genes in myocardium in vivo 
after direct injection of DNA. Circulation 1990; 82: 2217-21. 

29. von Harsdorf R, Schott RJ, Shen YT, Vatner SF, Mahdavi V, Nadal-Ginard B. Gene injection into canine myo- 
cardium as a useful model for studying gene expression in the heart of large mammals. Circ Res 1993; 72: 688- 
95. 

30. Kawagucbi H, Shin WS, Wang Y,eiaI.In vivo gene transfection of human endothelial cell nitric oxide synthase 
in cardiomyocytes causes apoptosis-like cell death. Identification using Sendai virus-coated liposomes. Circu- 
lation 1997; 95: 2441-7. 

31 . Kawada T, Nakatsuru Y, Sakamoto A, et al. Precise identification of gene products in hearts after in vivo gene 
transfection, using Sendai virus-coated proteoliposomes. Biochem Biophys Res Commun 1999; 259: 408-13. 

32. French BA, Mazur W, Ali NM, et al. Percutaneous transluminal in vivo gene transfer by recombinant adenovi- 
rus in normal porcine coronary arteries, atherosclerotic arteries, and two models of coronary restenosis. Circula- 
tion 1994; 90: 2402-13. 

33. Lemarchand PL, Jones M, Yamada I, Crystal RG. In vivo gene transfer and expression in normal uninjured 
blood vessels using replication-deficient recombinant adenovirus vectors. Circ Res 1993; 72: 1 132-8. 

34. Ellison KE, Bishopric NH, Webster KA, et al. Fusigenic hposome-mediated DNA transfer into cardiac myo- 
cytes. J Mol Cell Cardiol 1996; 28: 1385-99. 

35. Sawa Y, Suzuki K, Bai HZ, et al. Efficiency of in vivo gene transfection into transplanted rat heart by coronary 
infusion of HVJ liposome. Circulation 1995; 92(SuppI): 11479-82. 



EXHIBIT G 



C51 



Reduced cardiac hypertrophy and altered blood 
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SPECIFIC AIM 

The aim of this study was to evaluate the cardio- 
vascular actions of kinins, which have been impli- 
cated in the beneficial effects of angiotensin-convert- 
ing enzyme (ACE) inhibitors by the generation and 
analysis of a transgenic rat line harboring the human 
tissue kallikrein gene, TGR(hKLKl). 



PRINCIPAL FINDINGS 

1. Transgene expression 

Expression of a human tissue kallikrein transgene 
(hKLKl) under the control of the mouse metallo- 
thionein promoter was detected in all organs of the 
newly generated transgenic rat line, TGR(hKLKl) 
(Fig. 1). Translation of the hKLKl-mRNA was veri- 
fied by the demonstration of human kallikrein in the 
urine of transgenic rats (700 ±127 ng/ml). 

2. Blood pressure 

Mean arterial pressure determined by telemetric 
measurement turned out to be slightly but signifi- 
cantly lower in TGR(hKLKl) animals compared to 
Sprague Dawley (SD) control rats (110.5±1.1 vs. 
114.9±1.0 raraHg; P<0.01). In contrast, no signifi- 
cant difference was observed between the transgenic 
and SD rats with respect to heart rate or locomotor 
activity. The B2 antagonist icatibant increased blood 
pressure (BP) signifkandy by 2.0 ± 0.9 mmHg 
(P<0.01) only in TGR(hKLKl). 

The 24 h rhythm of mean arterial pressure in 
TGR(hKLKl) animals was dampened in comparison 
to untreated SD rats (amplitude of the dominant 



24 h period in TGR(hKLKl): 1.6±0.2; in SD: 
2.7±0.4; P<0.05). However, in both strains, the 
acrophases of the 24 h period occurred around 
midnight for BP, and the rhythms of heart rate and 
locomotor activity were similar. 

3. Reduced cardiac hypertrophy and fibrosis in 
TGR(hKLKl) 

To study the role of kallikrein in cardiac hypertro- 
phy and fibrosis, TGR(hKLKl) and SD control rats 
were treated with a suppressor dose of isoproterenol 
for 7 days. This treatment resulted in a marked 
increase in relative heart (Fig. 2A) and left ventricu- 
lar weight (Fig. 2B) in both strains of rats. However, 
the effect was significantly less pronounced in 
TGR(hKLKl), indicating a protective action of trans- 
gene expression. Expression of ANP in the left 
ventricle, an early marker of cardiac hypertrophy, 
supported these findings. Whereas it was markedly 
induced in SD rats, no effect on ANP expression was 
observed in TGR(hKLKl) (Fig. 2Q. Kinins and their 
B2 receptors obviously mediated the kallikrein ac- 
tion as the transgene effect on cardiac hypertrophy 
was abolished by the coadministration of icatibant 
(Kg- 2). 

Moreover, interstitial fibrosis in the left ventricle, 
also induced by isoproterenol treatment and quan- 
tified by detecting collagen III mRNA in left ventri- 
cles, was less pronounced in TGR(hKLKl) com- 
pared to SD rats (Fig. 2D). 
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Figure 1. Ribonuclease protection assay 
detects expression of the hKLKl gene in 
different organs of TGR(hKLKl) (+) but 
not in SD control rats (-). 20 jjig of total 
RNA from tissues of individual animals or 
yeast (Y) together with hKLKl- and p-actin- 
specific probes was used. 



CONCLUSIONS AND SIGNIFICANCE 

Transgenic rats expressing human tissue kallikrein 
at high levels in all organs investigated became 
hypotensive probably through increased generation 
of kinins as evidenced by a partial normalization of 
BP after treatment with the B2 receptor antagonist 
icatibant. These findings are in line with results 
obtained in mice expressing the same transgene and 
hypertensive rats after somatic gene transfer of the 
hKLKl gene. 

An important novel observation in this study is the 



role of the kallikrein-kinin system (KKS) in circadian 
fluctuations of arterial pressure. The biological 
mechanisms underlying regulation of circadian 
rhythms of cardiovascular parameters are largely 
unknown. In mammals, most circadian rhythms are 
governed by what appears to be the main internal 
oscillator, the suprachiasmatic nucleus of the hypo- 
thalamus (SCN), since lesions in this brain region 
can obliterate the rhythms of heart rate and BP. 
Nonetheless, litde is known about how oscillations in 
the SCN are biochemically achieved or which neu- 
ronal or hormonal pathways are used to establish the 




Figure 2. Cardiac hypertrophy and fibrosis after isoproterenol treatment is reduced in TGR(hKLKl ) compared to SD rats. Heart 
weight (A) and left ventricular weight (£) to body weight ratios were determined of untreated SD and TGR(hKLKl) rats and 
of animals treated with isoproterenol (ISO) alone for 7 days (n=10) or with coadministration of icatibant (HOE, n=4). ANP 
(marker of hypertrophy, C) and collagen III (marker of fibrosis, D) expression were detected by ribonuclease protection assay 
in left ventricles of untreated and ISO-treated SD and TGR(hKLKl) rats (upper panel). 20 |xg of total RNA of left ventricles was 
used with probes for rat ANP, collagen III, and 3-actin. The levels of ANP and collagen III mRNA relative to (J-actin mRNA were 
quantified using die software TINA on a Phosphorlmager system (lower panel). ***/>< 0.005, **P< 0.01 vs untreated rats; ***P 
< 0.005, **P < 0.01, *P< 0.05. 
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rhythm of the cardiovascular system. Kallikrein, kini- 
nogens, kinins, and their receptors, Bl and B2, are 
present in several regions of the brain, including 
SCN, and the central KKS is involved in BP regula- 
tion. Furthermore, a circadian rhythm of kallikrein 
expression has recendy been reported in the rat 
pineal gland. Kinins may also be important in trans- 
mitting the oscillations generated in SCN and pineal 
gland to other brain areas or to the periphery. A 
peripheral action of the KKS governing diurnal BP 
variations is supported by the circadian rhythm of 
urinary kallikrein excretion reported, with highest 
concentrations preceding lowest BP values. Thus, 
the KKS may be deeply involved in the circadian 
regulation of BP. As the circadian rhythmicity of 
heart rate is unaltered in TGR(hKLKl), this study 
confirms earlier reports that the rhythms of BP and 
heart rate are differentially regulated. 

The most important novel finding of this study is 
the prohibitive effect of tissue kallikrein in isoprot- 
erenol-induced cardiac hypertrophy and fibrosis. Re- 
ductions in hypertrophy and fibrosis were abolished 
by icatibant, which further supports kinins as medi- 



ators of the transgene effects. Consistent with an 
important role of kinins, previous pharmacological 
studies have shown that isoproterenol-induced car- 
diac hypertrophy can be diminished more effectively 
by ACE inhibitors than by ATI antagonists. Kinins 
have also been implicated in the antihypertrophic 
actions of ACE inhibitors in the aortic coarctation 
model since icatibant effectively blunted the drug- 
induced reduction of left ventricular hypertrophy. 
Furthermore, bradykinin infusion prevented devel- 
opment of increased cardiac mass in the same 
model. While kinins may act as weak growth factors 
on cultured cardiomyocytes and fibroblasts, they 
have also been shown to reduce cardiac collagen 
synthesis and growth via release of prostaglandins 
and nitric oxide. According to our results, the latter 
seems to be the prevailing in vivo effect. Adaptation 
of cardiac muscle to an increased work load can be 
achieved either by an increase in muscular mass (i.e., 
hypertrophy) or by an improved performance of 
the existing myocardium. Kinins may inhibit hyper- 
trophy by improving the supply of cardiomyocytes 
with nutrients and oxygen via two independent 
mechanisms: increase in coronary perfusion and 
stimulation of myocardial glucose uptake. These 
kinin effects may be crucial for the prominent car- 
dioprotective actions of ACE inhibitors. In summary, 
we have developed a new transgenic rat model with 
an overactive KKS. These rats may be applicable to 
the study of multiple issues of cardiovascular regula- 
tion and other physiological and pathophysiological 
mechanisms in which kinins might participate. gj] 
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Lehnart, S. E., P. M, 1» Janesen, W. M. Franz., J. K. 
■ > ; ■ : Donahue, J. H. Lawrence, E. Marban, J. Prestle, and G. 

.•• • Hasenfuss. Preservation of myocardial function after adeno- 

•f- : : viral gene transfer in isolated myocardium. Am J Physiol 

/ : Heart Cuv Physiol 279: H98<>-H991, 2000.— Adenoviral gene 

transfer to the heart represents a promising model for etruc- 
; : ture-function analyses. Rabbit hearts were subjected to an ex 

vivo perfusion protocol that achieves gene transfer in >90% 
I i of cardiac myocytes. Contractile function of isolated myocar- 

ti dial preparations of these hearts was then observed for 2 

• >■; ■ days in a recently developed trabecula culture system. In 
■is ' sham-infected hearts, the initial developed force (F^,) 

(15.6 ± 3.7 mN/mm 2 ; n = 12) did not change significantly 
after 48 h (17.0 ±1.9 mN/mm 2 ; P = 0.46). In adenovirus- 
infected preparations, F luil (14.3 ±1.8 mN/mm 2 ; n = 21) did 
^;t' not significantly differ from the control (P = 0.75) and was 

iei : unchanged after 48 h (15.3 ± 2.5 mN/mm 2 ; P •= 0.93). After 

* ; ■ 2 days of continuous contractions, we observed homogenous 

and high-level, expression of the reporter genes LacZ coding 
■s s> for p-galactoaidase and Luc coding for firefly luciferase. Lu- 

ciferase activity increased more than 2,500-fold from back- 
ground levels of 8.7 X 10 s ± 5.0 X 10* relative light units 
(RIAJ)/mg protein (from hearts transfectcd with promotorlcss 
C . adenovirus with luciferase transgene construct AdNULLLuc, 

n = 5) to 23.4 x 10« ± 11.1 X 10 s RLU/mg protein (from 
hearts tranfected with adenovirus with Rous sarcoma virus 
promoter and luciferase transgene construct AdRSVLuc, n = 
6) in infected myocardial preparations (P < 0.005). Our 
■:■ results demonstrate a new ex vivo approach to achieve ho- 

mogenous and high-level expression of recombinant adenovi- 
; : ral genes in contracting myocardium without adverse func- 

: tional effects. 

adenovirus; trabecula; rabbit 



GENE transfer TO the heart for the replacement of 
missing cellular proteins or for the expression of ther- 
apeutic gene products represents a promising approach 
for the treatment of myocardial disorders (5, 17, 22, 24, 
26). Previous studies (1, 12, 16, 27) have demonstrated 
the feasibility of recombinant adenoviruses as gene 
delivery systems to improve cardiac function on a cel- 



lular level by expression of gene products considered to 
be relevant to the failing heart, e.g., adenoviral trans- 
fer of a potassium channel gene increases K ' currents 
and shortens action potential duration in failing car- 
diac myocytes (27), and overexpression of the sarco- 
plasmic (endo}reticulum Ca 2+ -ATPase in cardiac myo- 
cytes enhances sarcoplasmic reticulum Ca 2 ' -uptake 
and shortens prolonged intracellular Ca a+ transients 
(12). 

The intact heart muscle represents a much higher 
burden in terms of effective gene transfer to tissue- 
bound cardiac myocytes and in the study of consecutive 
functional effects. Few studies have been able to show 
effective expression of adenovirally introduced pro- 
teins in the working heart (16, 23), and functional 
studies of the heart after adenoviral infection under in 
vivo conditions have been limited by strong immuno- 
genicity and unknown intrinsic toxicity of the vector 
system against the host cell (11, 31). Therefore, it 
might be difficult to study functional implications of 
adenoviral gene transfer under in vivo conditions. On 
the other hand, the functional study of adenovirus- 
infected cultured cardiac myocytes, thereby avoiding 
an immunologic response, is limited by their progres- 
sive dedifferentiation over the expression time (6) and 
by technical difficulties to qualitatively evaluate and to 
extrapolate the contractile function of isolated cells to 
the more physiological multicellular myocardial archi- 
tecture accomplishing loaded contractions. Therefore, 
multiday observation of adenovirai-infected isolated 
myocardial preparations would allow us to identify 
adverse functional effects caused by intrinsic toxicity of 
one of the most efficient gene transfer vehicles. To 
achieve this goal, we established a new technique to 
study consequences of adenoviral transgene expression 
on myocardial function in a multicellular muscle prep- 
aration under well-defined physiological conditions. 
The technique is based on a recently developed trabec- 
ula culture system (20) and a highly efficient adenovi- 
ral gene transfer protocol (8, 9) and shows that con- 
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i tractile function is not altered by adenoviral gene fully dissected under a binocular dissecting microscope (19, 
. transfer per se. 28). 
■f}t) Trabecula culture system. Preparations were mounted in a 

closed sterile chamber (Scientific Instruments, Heidelberg, 
Germany; between the basket-shaped extension of a force 
Preparation and ex vivo transfection of rabbit hearts. Fe- transducer and the hooklike extension of a micromanipulator 
male New Zealand White rabbits (1.5-2.5 kg) received hep- screw (20) - ' rbe BDM-containing solution was exchanged 
arin anticoagulation {1,000 U ir) before pentobarbital sodium UIlder sterile conditions for BDM-free K-H solution, and the 
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MATERIALS AND METHODS 



. anesthesia (Nembutal, 60 mg/kg iv). Under sterile condi- 
tions, the hearts were rapidly excised and rinsed twice in 
ice-cold, HEPES-modified Krebs-Henseleit (K-H) buffer con- 
. taining (in mM) 138.2 Na + , 5.0 K + , 1.2 Mg 2 "% 1.0 Ca 2+ , 144.4 
CI", 1.2 SO?-, 1-2 H^jPO^, 20.0 HEPES, and 15.0 glucose, 
saturated with O a at pH 7.4. Hearts were mounted and 
suspended in an insulated chamber at 35— 37°C and were 
retrogradely perfused via the ascending aorta by a modified 
Langendorff-perfusion technique (8) with oxygenated K-H 
buffer for 5 min at 30-40 ml/min; this was followed by 25 ml 
■ of oxygenated K-H buffer containing 1 mg/inl albumin and 
i 1.6 X 10 9 plaque-forming units (pfu)/ml of recombinant ade- 
novirus. Higher virus concentrations could not be used with- 
; : out compromising the myocardial viability during the perfu- 
; sion protocol, which would occur due to the altered 
; composition of solutions used in our experiments if more 
: virus was added. The virus-containing perfusate was recir- 
r. culated for 60 min at 37°C with a controlled flow rate of 30 
I ml/min. After the infection protocol, the hearts were perfused 
! with virus-free K-H buffer to wash out the virus (for at least 
J. 5 min). The high transfection efficiency of this perfusion 
protocol (over 90% transfected cardiac myocytes) was tested 
it at regular intervals by quantifying the percentage of cells 
"i expressing 8-galactosidase (0-Gal) by evaluation of primary 
cultures of cardiac myocytes of AdCMVLacZ (adenovirus- 
; transfected human cytomegalovirus-promoted LacZ troiis- 
gene construct)-infected hearts (8, 9). As a control, hearts 
; were sham infected using the same protocol without viral 
• - vectors or with AdNULLLuc (adenovirus vector with promo- 
torless luciferase gene) for 60 min. All procedures and proto- 
cols were approved by the local Animal Care and Use Com- 
; mittee in accordance with institutional guidelines. 

Adenovirus vectors. Three typea of first-generation hu- 
; man type 5 recombinant adenoviruses (Ad) were used: 
AdCMVLacZ, encoding Escherichia coli p-Gal under control 
of the human cytomegalovirus (CMV) immediate early pro- 
moter, and two different adenoviral luciferase constructs 
containing the firefly luciferase gene in the presence or the 
absence of the Rous sarcoma virus (RSV) long terminal re- 
peat promoter (AdRSVLuc and AdNULLLuc, respectively) 
(10). High -titer adenovirus stocks were prepared and tested 
for replication-competent adenoviruses as described (7, 13). 
Adenoviral titers were determined by averaging two plaque 
titration assays on HEK 293 cells as described previously (8). 
Although the current adenoviral vectors might haye limita- 
tions in effectiveness in "long-term" expression (months/ 
years), the fast and robust expression makes them especially 
useful in these "short-term" expression experiments (days/ 
weeks). 



extracellular Ca 2+ concentration was increased stepwise to 

2.0 mmol/1. The solution was then exchanged for 199 cell 
culture medium (Sigma) equilibrated with 95% 0 2 -5% CO z 
containing the following modifications (in mM): 2.0 DL-carai- 
tine, 5.0 creatine, 5.0 taurine, and 2.0 L-glutamine as well as 
100 IU/ml penicillin, 0.1 mg/ml streptomycin, and 20 IU/1 
human insulin (Opti-Pen, Hoechst, Germany). The muscles 
were stimulated at -30% over a threshold voltage (2-4 V) 
through 5-m8 asymmetric pulses at a frequency of 0.5 Hz. 
The muscles were carefully stretched to the length at which 
passive force development was —2-10% of active developed 
force at 1.75 mM Ca 2+ , reflecting a sarcomere length between 

2.1 and 2.2 jun (28), After force had stabilized, online data 
collection was started. All experiments were executed under 
isometric conditions for 48 h at a 0.5-Hz stimulation fre- 
quency at 37°C with a pH of 7.4. For more detailed descrip- 
tion of the setup and procedures, see Jansson et al. (20). After 
48 h of continuous contractions, 1 jlM isoproterenol was 
added to test for p-adrenergic response and the presence of 
contractile reserve of these preparations. 

Reporter gene assays. Forty-eight hours after adenoviral 
infection and continuous monitoring of contractile function in 
the trabecula culture system, the myocardial preparations 
were evaluated qualitatively for B-Gal expression by histo- 
cheroical staining with 5-bromo-4-chloro-3-indolyl-8-D-galac- 
topyranoside (X-Gal) or quantitatively for luciferase activity 
by chemoluminescent assay. Myocardial preparations that 
were infected with AdCMVLacZ were fixed in 0.1% glutaral- 
dehyde in PBS for 20 min at room temperature, washed with 
PBS, and then stained with (in mM) 15.0 K«Fc(CN) s , 16.0 
K,Fe(CN) 6 , and 1.0 MgCl* and 1 mg/ml X-Gal in PBS at 
37 °C. The staining solution was aspirated, and the trabecu- 
lae were permanently fixed in 1% glutaraldehyde in PBS. 
Even though we did not detect any endogenous f>Gal activity 
in control experiments with nontransfected hearts, staining 
of the myocardial preparations was performed at alkaline 
conditions (pH 8.5) to avoid false-positive detection of endog- 
enous mammalian B-Gal activity (30). Thicker preparations 
(>350 fim) were sometimes divided and restained to over- 
come the diffusion limitations of X-Gal. After 12 h, the X-Gal 
solution was removed, and the trabeculae were evaluated 
microscopically for blue staining, embedded in paraffin, sec- 
tioned at 15 unt, mounted on glass slides, and then counter- 
stained with hematoxylin and eosin. Histological sections 
were evaluated for diffuse P-Gal activity at X40 magnifica- 
tion. Because the intense blue staining diminished individual 
cell borders, we were not able to quantitatively give the 
average percentage of stained cardiac myocytes in the mul- 
ticellular preparation. 



,, ,. , , , , Alternatively, myocardial trabeculae were infected with 

Myocardial trabecula dissection. To dissect thin, uniform repUcation-defective adenoviruses encoding firefly luciferase. 

myocardial trabeculae and small papillary muscles from the The promotorless construct AdNULLLuc served as a nega- 

free wall and septum of the right ventricle, hearts were tivc control for background activity detennination. Alterna- 

additionally perfused with K-H solution containing (in mM) tively, the Luc transgene was under the control of the RSV 

141.2 Ntr , 5.0 K + , 2.0 Mg* 1 ,1.0 Ca 3 \ 127 CI", 2.0 SOf", 1.2 promoter for maximal Luc expression (10). After 48 h of 

H2PO4, 20.0 HCOJ, 10.0 glucose, and 20.0 2,3-butanedione continuous contractions, myocardial tissue was frozen in 

monoximc (BDM) as a cardioprotective ingredient (25) in liquid nitrogen. Myocardial preparations were homogenized 

equilibrium with 95% Oj-5% C0 2 . After spontaneous beating in lysis buffer (1% vol/vol Triton X-100, 1 mM 1,4-ditbiothrei- 

of the suspended heart had stopped, preparations were care- tol, and 100 mM potassium phosphate, pH 7.8) and centri- 
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fuged, and the supernatant was used to perform luciferase 
assays (10). All tissue lucifcrase recordings were normalized 
for protein concentration as determined by the Bradford 
assay. Luciferase activity is given in relative light units 
(RLU) per milligram protein after correction for background 
activity (10). 

Data analysis and statistics. For a period of at least 48 n, 
twitch contractions of myocardial trabeculae were monitored 
online by a data acquisition and analysis program written in 
LabView (National Instruments; 1-kHz sample frequency). 
The following contractile parameters were analyzed: peak 
developed force (F^ mN/mm' 2 ), diastolic force (F^t; mN/ 
mm 2 ), time from stimulation to peak force (TTP; ms), maxi- 
mum relative rate of force development KdF/df^yF; s *], 
maximum relative rate of force decline i(dF/At miz )/F; s ], 
time from peak force to 50% relaxation (RT B0 ; in ms), and 
times from stimulation to 60% and 90% relaxation (TT^, and 
TT^o, respectively; in ms). The initial developed force (F^j 
mN/mm 2 ) was calculated as the average developed force 
during the first hour of stimulation. Preparations that die- 
played rapid rundown (>4(W of F dev during the first 3 h or 
in which F jnit was <5 mN/mm 3 were discarded from further 
study. Unless otherwise stated, all experiments are pre- 
sented as means ± SE. 

Force and twitch timing data were analyzed using two- 
factor repeated measures ANOVA: we tested 33 subjects 
(muscles), with (virus) factors (control, toZ, and Luc) and 
time (0 and 48 h). This test design detects any significant 
differences between 0 and 48 h, within each group, among 
the viral factors, and in the interaction between virus and 
time. Statistical significance was determined by Student's 
i-test for paired or unpaired data where applicable. P < 0.05 
was accepted as significant. 



RESULTS 

Basic characteristics of contraction and relaxation. 
Myocardial preparations were subdivided into three 
groups according to the infection protocols: sham-in- 
fected preparations (n. = 12) served as the control 
group and were compared with the intervention groups 
LacZ (n = 11) and Luc 0i = 10). The average dimen- 
sions of the preparations were the following: lengthy 
3.85 ± 0.19 mm; thickness, 363 ± 27 p,m; width, 412 ± 
23 u,m; and cross-sectional area, 0.128 ± 0.013 mm . 
Average size and distribution of the preparation di- 
mensions were similar in all groups. In pilot experi- 
ments we found no effect of the perfusion protocol per 
Be on contractile function. The contraction parameters 
behaved similarly over a 48-h period under identical 
conditions with this study and without Langendorff 
perfusion (20). At 0.6 Hz stimulation frequency and 
37°C, the F lnit was 15.6 ± 3.7 mN/mm 2 in the control 
group, 14.2 ± 2.3 mN/mm 2 in the Luc group (unpaired 
f-test, P = 0.75), and 14.3 ± 2.8 mN/mm 2 in the LacZ 
group (P = 0.77). Also, there were no significant differ- 
ences in the diastolic force (F^) at t = 0 h for the 
control group (1.64 ± 0.45 mN/mm 2 ), the Luc group 
(1.05 ± 0.21 mN/mm 2 , P = 0.26), and the LacZ group 
(1.21 ± 0.24 mN/mm 2 , P = 0.41) or between the LacZ 
group and the Luc group (P = 0.62). ANOVA indicated 
no changes in contractile parameters F d4ttr and F^^ 
with respect to the variables time (0 and 48 h; F dev : P = 
0.97 and Fa,^: P = 0.55) and virus (control, LacZ, and 
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Luc groups; F dev : P = 0-90 and F diait : P = 0.52) or 
between the interaction of these factors (time X virus; 
F dw : P = 0.99 andF diast : P = 0.94) . Furthermore, there 
was no significant difference in the number of prepa- 
rations discarded for further study between the control 
and either of the gene transfer groups. In total, 7 (4 
Luc, 2 sham, and 1 LacZ) of 40 preparations failed to 
qualify for further study. Both sham- and LacZ- or 
Luc-transtected preparations did not show contractile 
abnormalities over the time course of 48 h. 

Influence oftransgene expression on myocardial per- 
formance. Sham-transfected myocardial trabeculae 
contracted continuously over 48 h and did not 6how 
alterations of contractile parameters, e.g., F dev at t — 
48 h was 17.0 ± 1.9 mN/mm 2 compared with 15.6 ± 3.7 
mN/mm 2 at t = 0 h(P = 0.46; Fig. 1). After a 2-day time 
span, neither LctcZ-transfected (P = 0.31) nor Luc- 
transfected (P = 0.06) myocardial preparations dis- 
played a significant change from t - 0 h (ANOVA; time, 
P = 0.55; virus, P = 0.09; time X virus, P = 0.94) in the 
change in RT 50 , despite robust expression of the re- 
porter genes (Fig. 2). Similarly, there were no signifi- 
cant differences bet ween the groups for other twitch 
timing parameters (TTP, TT 50 , and TT 90 ). Addition- 
ally, there were no significant differences within the 
control group, the LacZ group, or the Luc group regard- 
ing (dF/dr^/F or (dF/dr OTiT1 )/F over 48 h, and there 
were no significant differences between the groups 
(Fig. 3). 

. Effects of reporter gene expression on ^adrenergic 
signaling. Inotropic stimulation of the heart via fi-ad- 
renergic receptors represents the most powerful way to 
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Fig. 1. Average time courses of peak force (F^ top lines) and 
diastolic force development (Fa^ bottom lines) over 48 h of the 
control group [promo torleaa adenovirus with luciferase transgene 
construct (AdNULLLuc)] (solid lines), the LacZ [adenovirus 
with human, cytomegalovirus promotor and LacZ transgene 
(AdCMVLacZ)]-tra»sfected group (dotted lines), and the Luc (ad- 
enovirus with Rous sarcoma virus promotor and luciferase trans- 
gene construct (AdRSVLucJI-transfected group (dashed lines). The 
Luc transgene codes for luciferase and the LacZ transgene codes 
for B-galactoaidease (B-Gai). F^ and F,, iMt were calculated as 
fractions of initial developed force; average normalized data were 
later multiplied by average force per cross-sectional area for 
display purposes. Changes in these parameters due to adenoviral 
gene expression were not significant over 48 h (control group, » = 
11; LacZ group, n = tl; and iuc group, n = 10). 
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Fig. 2. Average time courses of time from peak force to 50% relax- 
ation (ETeo) over 48 h of the control group (solid lines), the lacZ- 
transfectcd group (dotted lines), and the itic-tranafected gronp 
(dashed lines). No significant changes due to adenoviral geue expres- 
sion were observed over 48 h (control group, n — 11; LacZ group, n = 
1 1; and Luc group, n = 10). 



increase cardiac contractility. Global adenoviral infec- 
tion followed by 48 h of sustained contractions did not 
significantly affect the p-adrenergic pathway. Figure 4 
/ shows a representative experiment with 1 u-M isopro- 
terenol to stimulate a B-adrenergic response after 48 h 
of continuous contractions in a Lite-infected prepara- 
tion. On average, maximal developed force in these 
c myocardial preparations after exposure to isoprotere- 
: nol increased to 351 ± 114% in LacZ-transfected (n = 
3) and to 326 ± 91% in Luc-.transfected preparations 
, (n = 3) compared with 340 ± 104% in the control group 
: ; (ji = 3). Kelaxation as reflected by RT 60 was acceler- 
■ ated to 69 ± 2% in the LacZ group (n = 3), to 66 ±6% 
„- in the Luc group (n = 3), and to 63 ± 4% in the control 
group (n = 3). 




Time (ms) 



Fig. 4. Representative tracing from an AdRSVLuc-tronsfectcd myo- 
cardial preparation after 48 h of continuous contractions (thin line) 
and contractile response to 1 m-M isoproterenol (thick lino). Same 
tracings expressed as fractions of their individual peak dovrdnped 
tension to show absence of effect on twitch timing more clearly 
Unset). Control twitch was obtained 5 min before intervention, and 
intervention twitch wa3 obtained after force had stabilized. 
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s Fig. 3. Average time courses of maximum rclativo rate of force 
.. development l(dF/d(„..VFl (top -lines) and decline KdKH/.Jfll Ibot- 
i. torn lines) over 48 h of the control group (solid lines), the LacZ- 
.. transfected group (dotted lines), and the i-wc-transfected group 
■ (dashed lines). No significant change* in these parameters were 
f --- -- -»r48h. 



Expression pattern of LacZ in myocardial trabeculae. 
Myocardial preparations that were subjected to LacZ 
transfection and kept contracting continuously for 48 h 
were fixed and stained for (J-Gal expression (n = 11). 
As shown in Fig. 5, there is widespread and robust 
expression of the LacZ transgene, with nearly all car- 
diac myocytes staining positive. Sham-infected prepa- 
rations or those infected with the promotorlesa Luc 
transgene adenovirus demonstrated no X-Gal staining. 

Myocardial expression ofluciferase. Forty-eight hours 
after infection with 1.6 X 1& pfu/ml of AdRSVLuc 
and continuous stimulation, myocardial preparations 
showed high levels of luciferase activity. Myocardial 
preparations that were infected with AdNULLLuc 
served as background levels and had an average lucif- 
erase activity of 8.7 X Id 3 ± 5.0 X 10 3 RLU/mg protein. 
In sharp contrast, the constitutive RSV promoter 
served for a significant increase in luciferase activity to 
23.4 X 10 6 ± 11.1 X 10 6 RLU/mg protein in transfected 
myocardial preparations, being more than 2,500-fold 
higher than control levels {n = 5; P < 0.005). 

DISCUSSION 

In light of upcoming gene therapy protocols in the 
future, we set out to directly demonstrate a lack of 
adverse effects on myocardial function despite robust 
overexpression of adenoviral transgenes. The present 
study demonstrates highly effective gene transfer to 
multicellular myocardial preparations without adverse 
influences on contractile function. This was accom- 
plished by combining a recently developed myocardial 
trabecula culture system (20) with an ex vivo gene 
transfer technique (8, 9). Under physiological condi- 
tions and continuous monitoring, contractile perfor- 
mance was stable in infected preparations and was not 
significantly different . from control preparations 
throughout this period. Neither the perfusion protocol 
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Tig. 5. Histological detection of 0-Gal 
activity ia myocardium 2 days after 
perfusion with 1.6 X 10* plaque-form- 
ing unita/ml of AdCMVLacZ followed by 
continuous contractions. Photomicro- 
graph of a longitudinal histological Rec- 
tum, through a myocardial preparation 
demonstrating homogenous distribu- 
tion of the LacZ gene product through- 
out tho myocardial tissue. Dimensions 
of this preparation before fixation and 
staining were the following: width, 200 
jim; thickness, 150 (ua; and length, 3.0 
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nor adenovirus infection and reporter gene expression 
adversely influence contractile function of these multi- 
cellular preparations. Thus, by use of an adenoviral 
perfusion protocol in intact hearts, it is possible to 
induce high levels of transgene expression into myo- 
cardial preparations without inducing adverse effects 
by toxicity of the adenoviral vector system on myocar- 
dial function. 

Previous studies investigating the influence of trans- 
genes on myocardial function have used cardiac myo- 
cytes under primary culture conditions as a model to 
study adenoviral gene transfer and subsequent effects 
of recombinant proteins on contractility (1, 12, 22, 27). 
The culture of myocardial preparations used in this 
study has several advantages over the culture of iso- 
lated cardiac myocytes, because it represents 1) the 
more complex situation of gene delivery into a differ- 
entiated multicellular architecture like the intact 
heart muscle (2, 8, 9, 11, 14, 16, 23, 29); 2) the more 
physiological situation of loaded conditions in the 
study of contractile function (4, 20); and 3) the stable 
contractile behavior, protein synthesis, and nondedif- 
ferentiating cellular integrity of electrically stimulated 
myocardial preparations (3, 4, 20). In addition, the 
recent demonstration of the long-term culture of hu- 
man trabeculae for up to 6 days suggests the possibility 
of using this gene transfer protocol to investigate 
pathophysiological alterations in the failing human 
heart (19). 

The functionally intact myocardial preparations 
from transfected hearts showed high-level expression 
of different reporter genes after 2 days. p-CJal expres- 
sion was homogenous and robust within thin prepara- 
tions, and myocardial Iuciferase activity was more 
than 2,500-fold higher than control levels. The func- 
tional effects of adenovirus infection and of reporter 
gene expression have been evaluated in a controlled 
preparation of intact myocardium. The absence of toxic 
effects of the adenoviral vector and the expressed re- 



porter genes LacZ and Lite on contracile function is in 
close agreement with studies on isolated cardiac myo- 
cytes (15, 22). 

The trabecula culture method as a technique for 
assessment of recombinant transgene expression on 
myocardial function may be an alternative to conven- 
tional transgenic animal models. Developmental adap- 
tion in transgenic animals to overexpresBion or knock- 
out of a given protein often results in a new phenotype, 
This can be difficult to differentiate for the specific 
effects of the given transgene on myocardial function 
from secondary effects, e.g., transgenic Animate over- 
expressing sarcoplasmic (endo)reticulum Ca 2+ -ATPase 
(18) or calsequestrin (21) also exhibit increased tran- 
scription of other physiologically important proteins 
like phospholamban. Similarly, functionally meaning- 
ful overexpression in transgenic mice downregulates 
gene expression of Ca z+ -regulatory proteins like the 
ryanodine receptor, triadin, and junctin by 50% or 
more, whereas phospholamban and Ca 2+ -ATPase are 
upregulated. Adenoviral gene transfer techniques may 
not only bypass developmental adaption, but they may 
also be used to knock out a target gene by program- 
ming antisense strategies that block gene expression, 
and they represent a future therapeutic approach un- 
der investigation. 

In conclusion, adenoviral transfeclion of the heart by 
a well-defined and effective perfusion protocol does not 
affect myocardial function under physiological condi- 
tions. The technique used in this study achieves ho- 
mogenous and high-level expression of the reporter 
genes LacZ and Luc. Continuous multiday monitoring 
of myocardial function under ex vivo conditions in the 
trabecula culture system during establishment of 
transgene expression showed no adverse functional 
effects due to possible mtrinsic toxicity of the adenovi- 
ral vector system in cardiac myocytes. Adenoviral per- 
fusion and infection of the myocardium therefore 
seems to be safe in terms of functional side effects. This 
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; approach may help to investigate transgene effects in 
; the heart by a structure-function analysis of recombi- 
nant proteins on the level of the contracting myocar- 
..cbum. 
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Abstract 

Objective: Angiogenic peptides like VEGF (vascular endothelial growth factor) and bFGF (basic fibroblast growth factor) have entered 
clinical trials for coronary artery disease. Attempts are being made (o devise clinically relevant means of delivery and to effect 
site-specific delivery of these peptides to die cardiac tissue, in order to limit systemic skk-efrects. We characterized the response of the 
pericardium to delivery of a replication-deficient adenovirus carrying the cDNA for AdCMWEGF,^, and assessed the effect of 
pericardial VEGF 1(15 on myocardial collateral development in a canine model of progressive coronary occlasion. Methods: Ameroid 
constrictors were placed on the proximal left circumflex coronary artery of mongrel dogs. Ten days later, 6X10 pfu AdCMVVEGF l6 ., 
(n=9), AdRSV.p-gal («=9). or saline (n =7) "were injected through an indwelling pericardial catheter. Transfection efficiency was 
assessed by X-gal staining. Pericardial and serum VEGF levels were measured serially by EUSA. Maximal myocardial collateral 
perfusion was quantified with radiolabeled or fluorescent microspheres 28 days after treatment. Results: In AdRSV.fJ-gal-treated dogs, 
there was extensive p-gal staining in tlie pericardium and epicardium, with minimal 0-gal staining in the mid-myocardium and 
endocardium. Pericardial delivery of AdCMWEGF lfi , resulted in sustained (8-14 day) pericardial transgene expression, with VEGF 
levels peaking 3 days after infection (>200 ng/ml) and decreasing thereafter. There was no detectable increase in senim VEGF levels. 
Maximal collateral perfusion, a principal correlate of collateral development and angiogenesis, was equivalent in all groups. Conclusion: 
Adenoviral-mediated gene transfer is capable of inducing sustained VEGF,,,, expression in the pericardium; however, locally targeted 
pericardial VEGK delivery failed to improve myocardial collateral perfusion in this model. © 1999 Published by Elsevier Science B.V. 
All rights reserved. 

Keywords: Collateral circulation; Coronacy circulation; Gene therapy; Growth factors: Ischemia 



1. Introduction 

Vascular endothelial growth factor (VEGF) / vascular 
permeability factor (VPF) is a secreted, glycosylated, 
dimeric protein that is structurally related to platelet- 
derived growth factor (PDGF) [1,2]. VEGF is an endotheli- 
al cell-specific mitogen that has been identified as a 
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hypoxia-inducible angiogenic factor [3] and a potential 
rumor angiogenesis factor in vivo [4J. VEGF has been 
associated with pathological retinal neovascularization 
[5,6] and intra-ocular expression of VEGF has been 
correlated with retinal neovascularization [7]. In ex- 
perimental models of limb ischemia, VEGF has been 
demonstrated to promote angiogenesis and collateral de- 
velopment [8-12]. VEGF has also shown promise for 
myocardial angiogenesis [13-15]; however, parenteral 
administration of VEGF has been associated with dose- 
limiting hypotension [15,16] and acceleration of injury- 
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induced arterial neointimal accumulation 116], suggesting 
thai local targeting of the growth factor may be essential 
for clinical use. 

Adenoviral-inediated gene transfer has been used suc- 
cessfully to transfer genes to mammalian tissues, and 
preliminary studies have demonstrated ihe feasibility of 
efficient gene transfer to the pericardial sac. |T7]. In an 
attempt to target VEGF protein delivery to cardiac tissues 
and to limit systemic side-effects, we employed a second- 
generation adenovirus for transfer of the gene encoding 
human VEGF to cardiac cells in vivo. An E la-deleted 
replication-deficient recombinant adenoviral vector was 
utilized in which the gene encoding human VEGF, 6j was 
under the control of the immediate early cytomegalovirus 
promoter. We exploited the sequestered environment of the 
pericardial space for site-specific gene transfer, a strategy 
that might preclude unwanted viral dissemination and 
enable the vector to evade immune surveillance, thereby 
prolonging transgene expression. The immediate proximity 
of the cpicardial vasculature and developing collateral 
circulation to the pericardial space and pericardial fluid 
suggested that this mode of VEGF delivery might lead to 
enhancement of myocardial angiogenesis .while limiting 
systemic effects. 

Using a P-gal marker gene, our first goal was to 
determine the anatomic distribution of transgene expres- 
sion after intra-pericardial virus administration. Second, we 
sought to characterize the magnitude and time course of 
VRGF 145 transgene expression and to determine the dis- 
tribution of adenovirus in body fluids. Our third goal was 
to determine whether intrapericardial VEGF gene transfer 
was capable of improving myocardial collateral perfusion 
in a well-characterized canine model of progressive cor- 
onary occlusion. 



2. Methods 

The experimental protocol was approved by the Animal 
Care and Use Committee of the National Heart, Lung, and 
Blood Institute, and conducted in accordance with the 
Guide- for the Care and Use of Laboratory Animals | I8J 
and N1H issuance 3040-2: Animal Care and Use in the 
Intramural Program. 

2. 1. Surgical instrumentation 

Thirty-two mongrel dogs of either sex were obtained 
from Haycock Kennels, Quakcrtown, PA. Dogs were 
anesthetized with acepromazine, 0.2 mg/kg i.m., thiopen- 
tal sodium, 15 mg/kg i.v., and inhaled mcthoxylluninc. A 
left thoracotomy was performed using sterile technique, as 
previously described [13J6J. An ameroid constrictor (Re- 
search Instruments and Manufacturing, Corvallis, OR) was 
fitted on the proximal left circumflex coronary artery 
(LCx) before the origin of the first marginal branch. A 



silastic catheter was positioned in the left atrial appendage 
for microsphere injections to assess collateral perfusion. 
Multiple side holes were fashioned in the distal 2 cm of a 
6.6-Fr silastic end hole catheter (Bard Access Systems, 
Salt Lake City, UT), and the catheter was secured in the 
pericardial space. The pericardium was carefully approxi- 
mated, and the chest was closed in layers. The termini of 
the two catheters were positioned in the subcutaneous 
tissue of the back, the skin was closed, and the dogs were 
allowed to recover. 

2.2. Integrity of the pericardium 

Ten days after surgery, the pericardium and catheter 
were tested for leakage in a pilot dog by injecting 2 ml of 
contrast agent (Hypaque) into the pericardial space under 
fluoroscopic guidance. The dye flowed freely in the 
pericardial space, and no leak was visualized. 

2.3. Transduction efficiency of pericardial gene transfer 

In one dog, 6X10" pfu AdRSV.p-gal was instilled into 
the pericardial cavity. This gene encodes nuclear-targeted 
bacterial p-galaciosidasc. Myocardium, pericardium, lung, 
intestine, kidney, gonad, brain, liver, and spleen were 
harvested 72 h after transfcciion. and bacterial p-galacto- 
sidase activity was assessed by 5-bromo-4-chloro-3-indoyI- 
(^D-galactopyranoside (X-gal) staining. The tissue was 
embedded in paraffin and 5-p.m sections were counter- 
stained with Nucleofast ted for microscopic analysis. 

2.4. Gene expression: serwn and pericardial VEGF 
levels 

To establish the ability of transduced tissue to secrete 
VEGF and to assess the time course of protein secretion, 
recombinant VEGF protein production was quantified by 
ELISA in six animals (three VEGF-treated. three controls). 
Samples of pericardial fluid (withdrawn from the indwel- 
ling catheter) and serum samples (forelimb venous punc- 
ture) were collected serially: before treatment, and on 
post-treatment days I, 3, 5, 7, 10, 14, and 21. Samples 
were centrifuged at 4°C for 10 min: the supernatant and 
serum were assayed for human VEGF using a solid-phase 
ELISA kit according to the manufacturer's instructions 
(catalog no. DVE00, R&D Systems, Inc., Minneapolis, 
MN). 

2.5. In vitro techniques: biological activity of the 
secreted VEGF 

In order to confirm that the expressed human VEGF was 
biologically active in canine tissue, we tested the 
mitogenic activity of the expressed human VEGF on 
canine endothelial cells in vitro. Endothelial cells were 
harvested from the saphenous veins of dogs and expanded 
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in culture. The endothelial cells were infected with 
AdCM WEGF , M or AdRSV.3-gal at a multiplicity of 
infection (moi) of J 00 and the supernatant was collected 3 
days later. The protein product was quantified in the 
supernatant of both AdCMYVEGF, 6 , and AdRSV.0-gal- 
infected cells with a solid-phase ELISA kit as above. Two 
milliliters conditioned media was obtained from 1X10 
cells infected 3 days earlier. This was placed on canine 
endothelial cells previously growth-arrested in 0.5% 
serum. Absolute cell numbers from triplicate cultures were 
determined 3 days after exposure to the conditioned media. 

2.6. Quantification of E la-deleted adenovirus in body 
fluids 

Viral titer was quantified in urine, feces, and pericardial 
aspirates to validate confinement of the adenovirus to the 
pericardial space. Serial samples were collected from an 
animal pretreatment and 1, 2. 3, and 6 days afler pericar- 
dial instillation of 6X\<f pfu AdCMWEGF l6i . Detection 
and quantification of adenovirus in the samples was done 
using 293 cells (TCID 30 assay, i.e. tissue culture infectious 
dose 50%). In the presence of E la-deleted adenovirus, 293 
cells (embryonic human kidney cells transformed by stable 
adenovirus Ela gene insertion) exhibit typical adenoviral 
cytopathic effects within 72-96 h 119] characterized by 
clumping, detachment, cell lysis, and intra-nuclear baso- 
philic or amphophilic inclusion bodies. Ad5 CMV-LacZ 
inoculated into normal canine urine served as the positive 
control; the negative control consisted of a ten-fold dilu- 
tion of normal canine urine. 

2.7. Treatment groups 

Dogs were randomized to 6X 10" pfu AdCMYVEGF , M , 
AdRSV.£-gal or saline, delivered through the indwelling 
pericardial catheter 10 days after ameroid placement. 
Selection of the dose was based on our pilot experiments 
and previous studies [20]. Aliquots of slock 
AdCMWEGF 16J and AdRSV.p-gal (6X) (generously 
supplied by GenVee, Inc., Rockville, MD), JO 1 " pfu 
"(volume 1 ml) were stored at -80°C until used. The viral 
solution was diluted in 3 ml serum-free EBM medium 
(Clonetfcs, San Diego, CA) Immediately prior to adminis- 
tration. Using sterile technique, the viral solution was 
injected transcutaneously through the infusion port of the 
pericardial catheter, followed by 2 ml of EBM medium. 

2.8. Analysis of organ toxicity 

Using aseptic technique, an 18-gauge needle was in- 
serted into the subcutaneous pott of the pericardial catheter 
on a regular basis to quantify and remove, if necessary, 
accumulated pericardial fluid. If less than 20 ml of 
pericardial fluid could be withdrawn, it was returned to the 
pericardial space. Larger effusions were evacuated to 



prevent pericardial tamponade. Routine hematologic and 
biochemical studies were performed weekly on all animals. 

2.9. Histology of the heart 

Cardiac histological analysis was carried out in IG 
animals (saline=6. p-gal=4, ajid VEGF=6). Transmural 
sections of the heart at the mid ventricular level were 
embedded in paraffin (3-5-u.m sections) and stained with 
H&E. The sections were reviewed by a veterinary 
pathologist who was naive to treatment assignment. The 
presence of myocardial fibrosis, inflammation, and in- 
creased vascularity were noted. 

2.10. Hemodynamic measurements and quantification of 
collateral perfusion 

Regional myocardial blood flow was quantified using 
the reference sample technique 28 days after treatment 
12 1 1. All microsphere blood flow studies were performed 
in the conscious state during maximal coronary vasodilat- 
ation. The dogs were lightly sedated with diazepam 1-2 
mg/kg administered through the left atrial catheter. Using 
local lidocaine anesthesia, a 5F catheter (Cordis Corp.) was 
inserted into the femoral artery for measurement of arterial 
pressure and withdrawal of arterial reference samples. 
Arterial pressure and the electrocardiogram were recorded 
continuously. Maximal coronary vasodilatation was in- 
duced by infusing chromonar 8 mg/kg (Hoechst-Roussd 
Pharmaceuticals) into the left atrial catheter over 30 min as 
we have done previously [13,16]. After infusion of 
chromonar, approximately 3X10 6 radiolabeled micro- 
spheres (J5 pm) were injected into the left atrial catheter. 
In a subset of animals, perfusion measurements were made 
using fluorescent microspheres (Interactive Medical Tech- 
nology) [22}. Microsphere perfusion measurements were 
performed in duplicate with two labels ("*Ce and ,5 Nb for 
radiolabeled microspheres; dual-labeled red, orange or 
violet dyes for fluorescent microspheres), and the results 
were averaged. The dogs were heparinized (5000 Units 
i.v.), killed with an overdose of sodium pentobarbital and 
KC1, and the myocardium was perfusion-fixed with 10% 
buffered formaldehyde at physiologic pressure. The heart 
was cut into 7-mm transaxial slices and examined macro- 
scopically for the presence of infarcts or patchy areas of 
fibrosis. For radiolabeled microsphere analyses, the two 
central left ventricular slices were divided into 16 wedges 
and ranked with respect to perfusion. The four wedges 
with the highest perfusion were selected to represent the 
normal zone (NZ); the four wedges with the most compro- 
mised perfusion were selected to represent the collateral 
zone (CZ) as we have done previously [13.16]. For 
fluorescent microsphere analyses, only the central slice 
was analyzed. Using a dual wavelength detector system, 
intact microspheres from tissue digests were characterized 
with respect to dye ratio and counted using a coulter 
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system. Tissue digestion and fluorescent microsphere 
analyses were carried out by Interactive Medical Technolo- 
gy using standard techniques. 

Mean NZ and CZ perfusion were calculated from the 
duplicate perfusion measurements, and maximal collateral 
perfusion was- expressed in relative terms as the CZ/NZ 
perfusion ratio as we have done previously [13,16]. The 
CZ/NZ ratio was defined prospectively as the primary 
study endpoint. Data are expressed as mean±S.E.M. 



3. Results 

Twenty-six of 32 dogs completed Ihe studies. Five dogs 
died suddenly, 2- J 5 days after ameroid placement, pre- 
sumably from sudden coronary occlusion or ameroid-in- 
duced coronary artery spasm. Two of five dogs expired 
before initial gene transfer. Of the three animals that died 
after gene transfer, one had received AdCMVYEGF l(i3 and 
two had received AdRSV.p-gal. Autopsies failed to show 
an obvious cause of death and death was attributed to 
arrhythmia from sudden coronary occlusion. A sixth dog 
(AdCMVVKGK 163 -treated) died 5 days after randomiza- 
tion; autopsy revealed 250 ml of fluid in the pericardial 
space and death was attributed to cardiac tamponade. 
There was discordance between the two measurements of 
myocardial perfusion in one dog, and it was excluded from 
the analysis prior to breaking the study code. Thus, . 
perfusion measurements are reported lor 25 .dogs. One 
additional dog was used for a determination of in vivo 
p-gaf transfeclion efficiency. 

3.1. In vitro VEGF' production and biological activity 

VECF was delected in the supernatant of 
AdCMVVEGF 16J cells but not in the cells infected with 
AdRSV.p-gal. Peak VEGF levels of approximately I p.g/ 
million cells/day were observed • between days 3 and 5 
after infection, tapering off thereafter (Fig. I). The ex- 
pressed human VEGF induced a two-fold increase in 
proliferation of canine endothelial cells, indicating that the 
VEGF was biologically active, and that hs activity was 
conserved between species (data not shown). 

3J2. Pericardial transfeclion efficiency 

There was extensive 0-gaI expression in the parietal 
pericardium (Fig. 2a) and epicandium (Fig. 2b). Reporter 
gene transfer was almost entirely restricted to pericardial 
and cpicardial cells, with scattered sparse expression in the 
mid-myocardium, and no detectable staining of the endo- 
cardium. 

33. Pericardial and scrum VEGF levels 
Pre-trcatmcnt VEGF levels were negligible in both 
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Fig. I. in vifro VHGF production. VEGF was detected in the supernatant 
of AiJCMWEGF,^ celix bul not in ttie cells infected with AdRSV.p-goI. 
Peak VEGF levels of approximately ] jig/mfflion celts/day were 
produced 3-S days after infection. The expressed buroirn VBGF induced a 
two-fold increase in proliferation of canine endothelial celts, indicating 
that the biological activity wax conserved between species. 

virus-treated groups. Transgene expression was evident 24 
h after viral infection, and peak pericardial VEGF levels 
were recorded on day 3 in AdCMWEGF-treated dogs 
(>200 ng/ml). VEGF levels diminished to =15 ng/ml by 
day 8, and tapered off gradually thereafter, such that the 
total duration of the response was «14 days (Fig. 3). 
Scrum VEGF levels did not increase from pretreatment 
values. Neither pericardial nor serum VEGF levels were 
elevated in AdRSV.p-gal treated animals. 

3.4. Detection of recombinant adenovirus in body fluids 

There was no detectable shedding of virus in the fecal or 
urine samples. At 6 days, the pericardial aspirate remained 
infectious and contained 5Xl(rVmI TCH> J0 virus, still 
capable of replication in 293 cells. 

3.5. Analysis of organ toxicity 

All AdCMWEGF, 6J -u:eated animals developed signifi- 
cant pericardial effusions, 55-180 ml in volume. One 
AdCMVyEGF, 65 -treated animal expired from pericardial 
tamponade with a 250-jdJ hemorrhagic inflammatory effu- 
sion (elevated polymorphonuclear leucocyte count). The 
aspirated fluid was cultured in all cases and found lo be 
free of bacterial infection. None of the AdRSV.p-gal- 
treated animals had significant effusions (>20 ml). 

3.6. Collateral conductance and CZ/NZ perfusion ratios 
Microsphere perfusion determinations, performed in 




duplicate, showed excellent intra-animal agreement. In the 
normally-perfused territory of the left anterior descending 
coronary artery, maximal coronary conductance was simi- 
lar in the three treatment groups on day 28 (Table I). 
Maximal collateral conductance in the territory of the 
occluded LCx was similar in all groups, and the CZ/NZ 
ratios were virtually identical in the three treatment groups. 



For the critical comparison between the AdRSV.p-gal and 
AdCMVVEGF l(SJ groups, mean CZ/NZ ratios were 
0.36±0.03 and 0.36±0.04, respectively. 

3.7. Histological analysis 

No cytopathtc effects were grossly evident in the 
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Pig. 3. Line plot of pericardial and serum VEGF levels from six animals 
(three AdCMVVKGH-trcatcd and three AdRSV.{i-gal-trcated). Transgene 
expression was evident 24 h after viral infection, with the measurable 
increase in (VEGF) persisting for -14 days. Pretreatmerx VEGF levels 
were negligible hi both virus-treated groups. The VEGF concentration hi 
pericardial fiujd peaked oa day 3 in AdCMVVBGF-treated dogs f>200 
ng/raty.VEGF levels diminished to ~15 ng/ml by day 8, and tapered off 
gradually thereafter. VEGF levels were not elevated in AdRSV.fJ-g»t- 
irealed animals. Scmra VEGF concentrations remained at prelrealment 
levels in all groups. 

pericardium or surrounding lungs at rhe.iime of tissue 
harvest, i.e. structures were relatively tree of adhesions. 
X-gal staining of distant organs did not reveal fi-gal 
expression in any tissue. 

Histological analysis of the heart revealed no difference 
between treatment groups in the degree of vascularity, 
fibrosis or inflammation or flirombosis. Microscopic an- 
giomas or hemangiomas were not noted. 



VEGF is one of several angiogenic heparin-binding 
growth factors reported to promote collateral development 



in animal models of myocardial and limb ischemia [8-15]. 
In previous experiments in a canine model, we showed that 
VEGF enhanced coronary collateral development when 
administered repeatedly into collateral-dependent myocar- 
dium [13]. VEGF has also been reported to improve 
coronary collateral function in pigs when infused chroni- 
cally near the point of coronary occlusion 1 14]. Enhance- 
ment of coronary collateral perfusion has not been attained, 
however, following relatively brief periods of VEGF 
treatment [15,16[. Moreover, intracoronary [15] and sys- 
temic arterial [16] adrninistration of die growth factor has 
been associated with severe dose-limiting side effects. 
VEGF is a potent vascular permeability factor [2] and 
endothelium-dependent vasodilator [23J, and causes severe 
hypotension when administered parenterally [15.16]. VEGF 
has also shown the potential to induce neointimalaccurmi- 
lation after vascular injury 116J. Thus, although VEGF 
appears to have the potential to promote myocardial 
angiogenesis, specific local targeting and/or extended 
peptide delivery may be essential to induce myocardial 
angiogenesis in the absence of toxicity F1516]. For these 
reasons, we considered gene transfer as a means to bring 
about localized myocardial targeting of VEGF, with ex- 
tended delivery of protein to maximize therapeutic effect 
Arterial gene transfer is currently under investigation as 
a means to promote therapeutic angiogenesis in ischemic 
limbs, utilizing a hydrjogel polymer-coated balloon to 
establish direct contact of naked VEGF plasmid cDNA 
with the arterial wall [24,25], This technique has important 
limitations due to the inherent inefficiency of direct arterial 
plasmid gene transfer, a problem that is magnified in 
atherosclerotic arteries. Moreover, in at least one inves- 
tigation in which this technique has been successful, a 
generalized drug effect was observed, [26] suggesting that 
limited, locally targeted therapy may not be attainable with 
this method. 



Table i 

Myocardial perfusion and the CZ/NZ perfusion ratio* 



Control AdRSVpVgal AdCMVYEGF, 6 , 



Perfusion 
(mt/mia/g) 




CZ/NZ 
ratio 


Perfusion 
(ml/min/g) 




CZ/NZ 
ratio 


Perfusion 
(ml/min/g) 




CZ/NZ 


. CZ 


NZ 


CZ 


NZ 


CZ 




1.71 


63? 


0.27 


2.57 


6.94 


037 


2.86 


7.63 


038 


153 


6.90 


0.28 


2.98 


6.61 


0.45 


3.93 


738 


0.53 


2-53 


SS9 


0.42 


Z53 


4.84 


0.52 


1.98 


3.93 


0.50 


152 


531 


035 


1.5 


5.32 


0.28 


1.29 


432 


0.30 


1.49 


359 


0.42 


Z28 


6.05 


0.37 


4.26 


13.36 


0.32 


2.51 


5.67 


0.44 


1.51 


4.03 


038 


0.74 


4.80 


0.16 


1.52 


3.89 


0.39 


1.79 


5.06 


035 


1.84 


4.54 


0.40 








0.96 


6.18 


0.15 


2.47 


8.53 


03 








1.67 


4.28 


039 


2.13 ' 


534 


0.39 


Mean 1.95 


SA2 


037 


1.98 


5.48 


0.36 


239 


6.65 


0.36 


S.E.M. 0.16 


0.47 


0.03 




034 


. 0.03 


038 


1.00 


0.04 



* Collateral zone (CZ) and normal zone (NZ) myocardial perfusion and the CZ/NZ ratio in control dogs, AdRSVp-gal-treated dogs, and AdCMV. 
VEGFuj-lrcaled dogs. Values are meao±S.K.M. Differences between groups are not significant. 



Several investigators have demonstrated that second 
generation adenoviral vectors function efficiently as gene 
delivery vehicles in vivo [27,28], superior in efficiency to 
plasmid DNA injection [29]. Successful intramyocardial 
injection of adenoviral vectors has been demonstrated in 
mammals [20,32]. Recently, intracoronary injection of a 
recombinant adenovirus expressing human FGF-5 was 
shown to increase perfusion and contractile function in the 
ischemic porcine heart [30]. Intracoronary gene delivery 
appears promising, although the potential for viral dissemi- 
nation to non-target tissues poses an important concern. 
Viral receptors are found on the surface of a variety of cell 
types, and generalized dissemination of angiogenic genes 
could lead to undesirable neovascularization in sites such 
as the retina or occult tumors. Host immune responses to 
foreigD adenoviral antigens pose an additional barrier for 
gene therapy, limiting the duration of gene expression [31]. 

We evaluated pericardial VEGF gene transfer as a 
means to target the myocardium and avoid the potential 
problems associated with systemic adenoviral dissemina- 
tion. Ela-deleted replication-deficient adenovirus with the 
gene encoding VEGF, 63 was delivered to the pericardial 
space. We hypothesized That the pericardium might provide 
an abundant surface area for gene transfer as well as an 
inherent means for viral containment. Furthermore, the 
limited pericardial volume of distribution would tend to 
favor gene transfer by maximizing the concentration of the 
virus, and would serve to maintain the concentration of the 
expressed VEGF gene product at a relatively high level. In 
essence, the pericardium might function as a paracrine 
organ, producing high localized VEGF levels in direct 
apposition to the epicardial arteries and developing colla- 
terals, leading to myocardial angiogenesis. 

The pericardial space has been evaluated previously as a 
reservoir for angiogenic growth factor delivery [32,33]. 
Pericardial injection of basic fibroblast growth factor has 
been reported to enhance myocardial angiogenesis [36] and 
limit infarct size after coronary embolization [37]. Woody 
ct aL have reported gene transfer to the pericardium [17]. 
Thus, these studies, taken together, suggest that pericardial 
gene transfer might provide an effective means to induce 
myocardial angiogenesis. 

In the present study, we demonstrated that gene transfer 
to non-replicating pericardial and epicardial cells using 
recombinant adenovirus vectors resulted m acceptable gene 
targeting efficiency and expression of the VEGF transgene 
over a tO-14-day period. Although this strategy was 
highly effective in directing pericardial VEGF expression, 
the pericardial VEGF so produced was ineffective in 
promoting collateral development There are a number of 
potential explanations for the apparent lack of effect 

4.1. Adequacy of VEGF production 

It is worthwhile to contrast the calculated mass of VEGF 
produced by gene transfer in the present experiment to the 



quantities of the VEGF peptide administered in previous 
studies in which it was found to be effective. Wc observed 
peak steady state VEGF levels of approximately 200 ng/ml 
in a pericardial fluid volume of roughly 200 ml: an 
estimated mass of approximately 40 p.g. Considering that 
the pericardial VEGF concentration decreased to 15 ng/ml 
by day 8, the total quantity of VEGF produced in the 
present investigation, integrated over the 2-week period of 
expression, was probably an order of magnitude less than 
the cumulative injected dose we previously found to be 
effective (45 (Ag/dayX20 doses-900 fxg) 113].. On the 
other hand, the quantity of VEGF produced in this 
experiment significantly exceeded the dose used by Harada 
et ai. (0.06 p,g/dayX28 days=1.68 p-g) [14]. 

4.2. Direction of VEGF delivery across tlxe vascular 

The presence of VEGF in the pericardial space presents 
the growth factor to the abluminal (rather than the luminal) 
side of the vasculature. Though this unconventional mode 
of VEGF administration might be responsible lor its lack 
of effect in this experiment, Harada et al. [14] found 
perivascular infusion of VEGF (mixed with heparin) to be 
effective, a method that also delivered VEGF to the 
abluminal aspect of the vasculature. Two key differences 
between the present and previous investigations should be 
underscored: Harada et al. 114] used a longer duration of 
infusion (4 weeks, although VEGF potency was reduced by 
a factor of 2_5 at the end of their study), and VEGF and 
heparin were co-administered in their study. VEGF is a 
heparin-binding growth factor, and the interactions be- 
tween VEGF and heparin have not been well-characterized 
in vivo [34,35]. 

43. Preservation of VEGF activity across species 

We considered the possibility that human VEGF I6$ was 
not active in canine cells. In the present study, the 
expressed human VEGF I6J induced proliferation of canine 
endothelial cells in vitro. Moreover, we previously found 
human VEGF l<i} to be effective on canine endothelial cells 
in vitro [13]. 

4.4. Role of inflammation 

It is plausible that adenoviral -related inflammation had a 
negative influence on collateral development in this study. 
We found, however, that collateral function was not 
depressed in AdRSV.p-gal-treated animals (relative to 
saline-treated controls), suggesting that this was hot the 
case. Animals treated with the p-gal virus did not develop 
hemodynamically significant pericardial effusions, but 
large, effusions were encountered consistently in 
AdCMWEGF-lreated dogs, requiring drainage to avert 
hemodynamic compromise. Leucocyte counts were gencr- 
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ally elevated in these aspirates, indicative of an inflamma- 
tory response. Thus, it appears that a specific biological 
effect of VEGF was responsible for the sizable and 
hernodynamically significant effusions characteristic of 
these dogs. VEGF-induced vascular hyperpermeability may 
have played an important role in this regard 12J. The 
requirement to tap the effusions subsided by day 15 post- 
transfusion, coinciding with waning VEGF expression. 

Recently it has been reported that the plasmid for VEGF 
injected in the border zone of myocardial infarct in rats 
created angiomas that did not contribute to regional 
myocardial blood flow [36]. VEGF gene delivery to non- 
ischemic muscle in mice led to an increase in vascular 
channels and hemangiomas, associated with local high 
serum VEGF levels [37J. Thus, there is concern that over 
expression /high doses of growth factors may have de- 
leterious effects on both ischemic and non-ischemic tissue. 
We did not observe angiomas or hemangiomas in this 
study. 

In summary, adenoviral-mediatcd gene transfer is ca- 
pable of inducing sustained VEGF I65 expression in the 
pericardium. Pericardial VEGF levels in the 200 ng/ml 
range were achieved in the absence of an increase in 
systemic VEGF levels. Despite appreciable local VEGF 
production, however, myocardial collateral perfusion was 
not improved in this model. These data add to a growing 
number of studies on the effects of VEGF on myocardial 
angtogenesis - a biological effect of VEGF has been 
demonstrated in some but not all of these investigations. 
Additional studies are needed to better characterize the 
response of (he coronary collateral circulation to VEGF. 
The optimal VEGF dose, the timing, duration, and route of 
VEGF delivery, and the potential role of heparin co- 
administration are important issues that merit further study. 
Moreover, it remains to be determined whether pericardial 
gene transfer of alternative forms of VEGF or other 
angiogenic growth factors might foster collateral growth. 
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Targeted Expression of a Dominant-Negative K v 4.2 K + 
Channel Subunit in the Mouse Heart 

Alan D. Wickenden, Paul Lee, Rajan Sah, Qian Huang, Glenn I. Fishman, Peter H. Backx 

Abstract — Action potential duration is prolonged in many forms of heart disease, often as a result of reductions in 
Ca 2+ -independent transient outward K + currents (ie, 7 t0 ). To examine the effects of a primary reduction in /,„ current in 
the heart, transgenic mice were generated that express a dominant-negative N-terminal fragment of the Ky4.2 
pore-forming potassium channel subunit under the control of the mouse a-myosin heavy chain promoter. Two of 6 
founders died suddenly, and only 1 mouse successfully transmitted the transgene in mendelian fashion. Electrophysi- 
ological analysis at 2 to 4 weeks of age demonstrated that /,„ density was specifically reduced and action potential 
durations were prolonged in a subset of transgenic myocytes. The heterogeneous reduction in 4, was accompanied by 
significant prolongation of monophasic action potentials. In vivo hemodynamic studies at this age revealed significant 
elevations in the mean arterial pressure, peak systolic ventricular pressures, and ±dP/dt, indicative of enhanced 
contractility. Surprisingly, by 10 to 12 weeks of age, transgenic mice developed clinical and hemodynamic evidence of 
congestive heart failure. Failing transgenic hearts displayed molecular and cellular remodeling, with evidence of 
hypertrophy, chamber dilatation, and interstitial fibrosis, and individual myocytes showed sharp reductions in 7, 0 and I K , 
densities, action potential duration prolongation, and increased cell capacitance. Our results confirm that K v 4.2 subunits 
contribute to J m in the mouse and demonstrate that manipulation of cardiac excitability may secondarily influence 
contractile performance. (Circ Res. 1999;85:1067-1076.) 

Key Words: K + channel ■ transgenic ■ cardiac electrophysiology ■ mouse ■ heart failure 



Heart disease results from a variety of primary genetic and 
acquired stimuli.'- 6 Regardless of the initiating cause, 
neurohumoral and cellular responses typically cause hyper- 
trophic remodeling of the heart characterized by genetic, 
biochemical, structural, and functional alterations within 
myocytes. 7- ' 0 One commonly observed feature of diseased 
myocardium is action potential prolongation. 11-13 Although 
the cardiac action potential arises from the composite activity 
of numerous ion channels and transporters, its. prolongation, 
correlates strongly with reductions in repolarizing K + cur- 
rents and K + channel gene expression, particularly the Ca 2+ - 
independent transient outward current (/ to ). ,1 - ,3-,s 

Heterogeneous action potential prolongation is associated 
with an enhanced propensity for cardiac arrhythmias. 12 - 13 - 16 - 17 
The abnormally prolonged repolarization predisposes to early 
and delayed afterdepolarizations and triggered activity, 
whereas the dispersion of refractoriness may facilitate stable 
reentry. 16-18 This association between action potential pro- 
longation as a result of reduced K + currents and arrhythmias 
is highlighted by the high incidence of arrhythmogenesis in 
acquired and inherited forms of the long-QT syndrome. 19 - 20 



Action potential prolongation also strongly influences 
[Ca 2+ Jj transient magnitude. 21 This effect appears to underlie 
the positive inotropic actions of a-adrenergic receptor acti- 
vation 22 - 23 that occurs both acutely and chronically in heart 
disease. 10 In turn, elevated Ca 2+ may contribute to cellular 
hypertrophy commonly seen in heart disease by acting as a 
stimulus for cellular growth through the activation of a 
number of cell signaling pathways, 9 such as the recently 
described calcineurin-dependent pathway. 24 

In this study, we examined the phenotypic consequences of 
a primary reduction in repolarizing transient outward currents 
in the heart. We created transgenic mice overexpressing an 
N-terminal fragment of K v 4.2, a strategy predicted to specif- 
ically reduce l^ 79 by a dominant-negative mechanism 30 
We found that expression of the transgene was poorly 
tolerated; of 6 transgenic founders, 2 died suddenly, 3 others 
failed to achieve germline transmission, and only 1 line 
transmitted the transgene in mendelian fashion. In this sur- 
viving line, neonatal hearts appeared structurally normal but 
displayed increased contractility in vivo, and myocytes 
showed specific although heterogeneous reduction in /„ 
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Figure 1. K + channel constaicts and in vitro characterization. A, 
Schematic diagram of the K/t.2 protein, which contains 6 trans- 
membrane segments (S1-S6) and a pore-forming loop between 
S5 and S6. A truncated N-terminal fragment of M-2 (M.2N) 
encoding the first 311 amino acids (S1-S4) of the parent mole- 
cule was generated. The truncated N-terminal construct con- 
tains those sequences that are known to be important for 
subtype-specific tetramerization but lacks the pore-forming 
P-loop. An HA epitope tag was placed in frame at the C termi- 
nus of the K.4-2N gene. B, Whole-cell voltage-clamp records 
show typical families of outward currents recorded in tsa201 
cells transfected with full-length K4.2 plus a 3-fold excess of 
vector alone (left, top) or with full-length Kv4.2 plus a 3-fold 
excess of M.2N-HA (left, bottom). K v 4.2 induced the expres- 
sion of large, inactivating outward currents that were absent in 
cells cotransfected with a 3-fold excess of M^N-HA. Right, 
Relative current densities in control cells (rv4.2 alone, open bar), 
in cells cotransfected with a 3-fold excess of Kv4.2N-HA (solid 
bar), and in cells cotransfected with a 3-fold excess of a trun- 
cated Kv1.4 fragment (Ky1.4N, hatched bar). Data are 
mean±SEM of 5 to 27 experiments. 

currents. By 10 to 16 weeks of age, transgenic mice devel- 
oped progressive cardiac hypertrophy and chamber dilatation, 
culminating in congestive heart failure and death. 

Materials and Methods 
Plasmid Constructs 

Expression plasmids encoding rat K.,4.2, K,1.4, and K^.l were 
kindly provided by Drs J. Nerbonne (Washington University, St. 
Louis, Mo), MJvl. Tamkun (Colorado State University, Fort Collins, 
Colo), and R. Joho (University of Texas, Dallas, Tex), respectively. 
The dominant-negative K,4.2N-HA construct was prepared by fus- 
ing amino acids 1 to 311 of wild-type K,4.2 in frame to an HA 
epitope tag (Figure 1A). 

Generation of Kv4.2N Transgenic Mice 

The K^.IN-HA gene was targeted to the heart using regulatory 
elements from the mouse a-myosin heavy chain gene (aMHC; 
clone 26, kindly provided by Dr J. Robbins, University of 
Cincinnati, OH). Transgenic mice were generated in the 
B6XCBAF2 background as previously described. 31 Mice express- 
ing the transgene were initially identified by Southern blotting 
and subsequently by PCR. 

Northern and Western Blot Analyses 
Northern blot analyses was performed as described previously using 
probes to phospholamban (PLB), sarcoplasmic/endoplasmic reticu- 
lum Ca 2+ ATPase (SERCA), atrial natriuretic factor (ANF), 
B-myosin heavy chain (0MHC), IQ.4.2, and GAPDH. 32 Crude 
membrane preparations from pooled mouse hearts were analyzed by 
Western blot as previously described, 28 using a monoclonal antibody 
to the HA epitope tag (Boehringer Mannheim) and rabbit polyclonal 
antisera raised against an amino-terminal epitope of the rat K.4.2 
protein. 



Isolation of Mouse Ventricular Myocytes 

Mouse hearts were isolated and perfused in retrograde fashion with 
a solution of collagenase and protease using a slight modification of 
a procedure previously described. 28 

Electrical Recordings in Ventricular Myocytes, 
Oocytes, and tsa201 Cells 

Two-electrode voltage-clamp recordings of Xenopus laevis oocytes 
were performed as previously described. 33 Membrane currents were 
recorded from mammalian tsa201 and from Ca 2+ -tolerant, rod- 
shaped ventricular myocytes using the whole-cell configuration of 
the patch-clamp technique, 34 essentially as previously described. 35 
/„ was measured as peak current elicited by the depolarizing 
voltage step minus the current remaining at the end of the 500-ms 
voltage step (ie, I K1 was measured as a Ba 2+ -sensitive current 
using 500-ms steps from -130 to 0 mV (iO-mV increments) from 
the holding potential in the presence and absence of 0.3 mmol/L 
BaCl 2 . Action potentials were elicited at a frequency of 1 Hz and 
were recorded in the absence of Cd 2+ . 

Microsurgical Methods and In Vivo 
Hemodynamic Measurements 

Mice were anesthetized, and the carotid artery was cannulated with 
polyethylene tubing (PE-200), which was connected to a TXD-310 
low-compliance pressure transducer (MicroMed) and amplified by a 
blood pressure analyzer (BPA model 300, MicroMed). Heart rate, 
aortic pressure, left ventricular (LV) systolic pressure, LV diastolic 
pressure, and the maximum and minimum first derivatives of the LV 
pressure (H-dP/dt^ and -dP/dt^, respectively) were recorded. 

Echocardiographic Assessment 

Mice were anesthetized and examined by transthoracic echocardiog- 
raphy using a 12-MHz probe (Hewlett Packard). Ejection velocity, 
end-systolic (ESD), and end-diastolic (EDD) dimensions were rec- 
orded and fractional shortening (FS) was calculated as: 
FS=(EDD-ESD)/EDD. 

Monophasic Action Potentials 

Hearts were retrogradely perfused with Tyrode's solution at 37°C, 
and action potentials were recorded from the surface of the left 
ventricles using a close-bipolar configuration. 36 The times for 50% 
(APDso) and 90% (APD W ) repolarization were recorded. 

An expanded Materials and Methods section is available online at 
http://www.circresaha.org. 

Results 
Characterization of the Kv4.2N 
Dominant-Negative Construct in Xenopus Oocytes 
Initial experiments were designed to test the efficacy and 
specificity of the epitope-tagged dominant-negative KA2N 
construct, schematized in Figure 1A. Coinjection of the 
HA-tagged truncated KA2N-HA with the full-length K.4.2 
into Xenopus oocytes caused a significant (P<0.01), dose- 
dependent reduction in current (ie, peak current amplitude 
was 1.13±0.13 M [n=16], 0.25±0.04 fiA [n=12], and 
-0.1 8 ±0.11 nA [n=7] when the ratio of K,4.2N to K,4.2 
was 0:1, 1:1, and 3:1). In contrast, peak current was not 
affected by coinjection of a 3-fold excess of the parental 
pGWl H plasmid with K,4.2 (1.11 ±0.09 //A) 23 or coinjection 
of a 3- to 10-fold excess of KA2N-HA with K^l.4 or K v 2.1 
(data not shown). Similar dominant-negative inhibition was 
observed in tsa201 mammalian cells. Figure IB shows typical 
families of outward currents recorded in cells transfected 
either with K»4.2 plus a 3-fold excess of vector alone (top) or 
with Kv4.2 plus a 3-fold excess of K V 4.2N-HA (bottom). 
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Figure 2. A, Northern (left) and Western (right) blots detecting 
K„4.2N-HA transgene expression in hearts from control (C) and 
transgenic (T) mice at 3 weeks of age. Using antibodies against 
the N terminus of the K»4.2 channel, the truncated K„4.2N is 
only expressed in transgenic mice, whereas full-length K„4.2 
gene is readily detected in both control and transgenic mouse 
hearts. Note that in transgenic mice, expression of K»4.2N-HA is 
much higher (ie, <= 10-fold) than the endogenous full-length K v 4.2 
protein. B, Time course of Ky4.2N expression measured by 
Western blotting of mouse hearts with antibodies raised against 
the N-terminal fragment (ie, KA.2 Ab) or the HA epitope (ie, HA 
Ab). No M-2N is detected in hearts from controls at 3 (C3) and 
6 (C6) weeks of age. Levels of expression are similar in trans- 
genic mice at 3 (T3), 6 (T6), and 12 (T12) weeks of age. 



K/1.2N-HA coexpression significantly (P<0.001) reduced 
current densities from 375±84 pA/pF (n=17) to only 
7.9±6.4% of control (n=6). In contrast, a 3-fold excess of 
K,4.2N-HA did not affect K..1.4 current densities. Collec- 
tively, these results establish that the K V 4.2N-HA fragment 
potently and specifically inhibits K v 4.2-based currents, as 
expected from previous results. 37 

Generation and Initial Characterization of 
Transgenic Mice 

Six founders harboring the K»4.2N transgene were initially 
identified from a total of 34 live births screened. Two of these 
founders died suddenly before yielding any progeny and were 
discarded without further analysis. Three additional founders 
produced multiple litters with no transgenic offspring. The 



sixth founder yielded several litters with a normal distribution 
of transgenic progeny from which a line was established and 
then died suddenly as well. These initial observations of the 
F„ transgenic mice strongly suggested that expression of the 
dominant-negative K + channel subunit in the heart was 
deleterious. 

Transgene expression in the hearts of mice from the 
established line was examined at both the transcript and 
protein levels, as illustrated in Figure 2A. Northern blot 
analysis of cardiac RNA revealed abundant accumulation of 
the MHCa-K v 4.2N transcript (left). Western blot analysis 
using an antibody directed against an amino-terminal epitope 
of K v 4.2 (K v 4.2 Ab) detected expression of the endogenous 
K v 4.2 protein in both control and transgenic hearts, whereas 
the truncated HA-tagged protein was expressed exclusively in 
transgenic hearts (right). The identity of the truncated Kv4.2N 
protein was confirmed by immunoblotting with a monoclonal 
antibody directed against the HA epitope tag. The level of 
K,4.2N expression remained unchanged from 3 weeks to 12 
weeks of age (Figure 2B). 

Clinical Course 

Although transgenic mice initially appeared healthy and 
indistinguishable from nontransgenic littermates, by 12 to 13 
weeks of age most transgenic mice developed obvious signs 
of congestion consistent with biventricular heart failure. Mice 
at this stage were dyspneic and sedentary and frequently 
appeared edematous, as illustrated in Figure 3A. Hearts 
isolated from transgenic mice at 13 weeks were enlarged 
(Figure 3B and 3C), and heart weight/body weight ratios were 
significantly increased compared with littermate controls, as 
summarized in Table 1 . On cross section, ventricular hyper- 
trophy and chamber dilatation, especially in the left atrium, 
was observed (Figure 3D through 3F). There was also 
evidence of myocyte hypertrophy, myocyte cell loss, and 
interstitial fibrosis and cellularity (Figure 3G through 31). A 
markedly dilated left atrium with organized thrombus forma- 




Rgure 3. Cardiomyopathy in K/.2N trans- 
genic mice. A Wild-type (left) and trans- 
genic (right) littermates, with obvious fluid 
accumulation "m the K/1.2N mouse. B and 
C, Gross appearance of a wSd-type (B) and 
transgenic (C) heart at 12 weeks of age. The 
cardiac contour is rounded and the left 
atrium is markedly enlarged in the trans- 
genic mouse. D, A long-axis view of a trans- 
genic heart dernonstrates the chamber dfla- 
tatton, including a markedly dilated left 
atrium that is filled with an organized throm- 
bus. E and F, Short-axis view at the papS- 
lary muscle level of hematoxylin and eosin- 
stained frozen section of a wild-type (E) and 
a transgenic (F) heart, showing evidence of 
ventricular hypertrophy and chamber cflata- 
tion. G through I, Higher-power views of 
formann-fixed and paralfin-embedded sec- 
tions from matched control (G) and trans- 
genic (H and I) ventricular rriyocardium, 
showing myocyte cell loss, cellular hypertro- 
phy, vaajcfeaBon, interstitial fibrosis, and 
increased interstitial cellularity. J, Higher- 
power view of the left atrial thrombus seen 
in virtually all transgenic hearts. 
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TABLE 1. Morphological Properties of Mouse Hearts 





3 Weeks 


12 to 14 


Weeks 


Control 


Transgenic 


Control 


Transgenic 


Body weight, g 


10.4+0.4 (14) 


10.5±0.6(8) 


21.6±0.8(8) 


21.2±1.3(9) 


Heart weight, mg 


68±3(14) 


68±4 (8) 


112±4(8) 


173±5*(9) 


Heart/body, mg/g 


6.6±0.2 (14) 


6.5+0.2(8) 


5.2+0.1 (8) 


8.4±0.8*(9) 


Lung/body, mg/g 


7.3 ±0.3 (5) 


7.1+0.4(4) 


6.6±0.1 (4) 


10.4 ±1.2* (4) 


Liver/body, mg/g 


46.1 ±0.4 (5) 


43.6 ±0.5 (4) 


42.0±0.4 (4) 


48.5±5.3 (4) 



tion was observed in essentially all transgenic mice at this 
stage (Figure 3J). 

Phenotypic Characterization of 2- to 3.5-Week-Old 
Transgenic Mice 

To begin to understand the time course of disease progression 
in the MHCa-K v 4.2N transgenic mice, we first characterized 
cardiac morphology, gene expression, ionic currents, and 
hemodynamic properties in neonatal preparations. At 2 to 3.5 
weeks of age, despite robust transgene expression (Figure 2), 
there was no overt evidence of cardiac hypertrophy (see 
Table 1). Heart weights and heart weight/body weight ratios 
were indistinguishable from those of nontransgenic litter- 
mates. There was a modest increase in ventricular ANF 
expression but no significant alterations in other traditional 
markers of cardiac hypertrophy, including SERCA and PLB, 
as summarized in Table 2. In fact, average myocyte mem- 
brane capacitance (C M ) was significantly smaller (P<0.04) in 
transgenic myocytes (C M =87.0±3.8 pF, n=33) compared 
with nontransgenic control cells (C M = 107.5 ±4.8 pF, n=27), 
consistent with the absence of gross cardiac enlargement. 

We next examined the electrophysiological properties of 
myocytes from young transgenic mice and nontransgenic 
littermates. Figure 4A shows representative current density 
traces in right ventricular myocytes from 23-day-old control 
(left) and transgenic (center and right) littermates; Figure 4B 
shows the corresponding current-voltage relationships of the 
peak current (■) and the current remaining at the end of the 
500-ms pulse (□) (ie, 1^) for the same cells. The difference 
between the peak outward current and the current remaining 
at the end of the 500-ms pulse was defined as the transient 
outward current (ie, J u ). The frequency histogram of 7 M shown 
in Figure 4C demonstrates uniformly high current densities in 
control myocytes, with only 1 1 .5% of these cells exhibiting 7 to 



TABLE 2. Gene Expression 





3 Weeks 


12 to 14 Weeks 


. Control 


Transgenic 


Control Transgenic 


ANF 


1 ±0.23 (5) 


2.74±0.4fl* (6) 


1+5.47(5) 42.7±4.99*(6) 


SERCA 


1+0.11 (5) 


1.55+0.23 (6) 


1 ±0.13 (5) 0.56+0.12* (6) 


PLB 


1+0.07(5) 


1.26+0.23 (6) 


1 ±0.07 (5) 0.34±0.06*(6) 


W-2 


1+0.14 (5) 


1.30+0.11 (6) 


1 ±0.83 (5) 3.77±0.74*(6) 



Number of individual mice studied is shown in parentheses. 
V<0.05 between age-matched transgenic and control mice. 



densities below 40 pA/pF. In contrast, transgenic myocytes 
displayed a much broader range of / to densities, and almost 
half (45.4%) exhibited 4 densities below 40 pA/pF. Statisti- 
cal comparisons based on x 1 tests (see Materials and Meth- 
ods) revealed that the 2 distributions were statistically distinct 
(P<0.05). Moreover, bivariate normal distribution functions 
gave statistically better fits (P<0.05, F statistics) to the 
current amplitude distribution data than a monovariate func- 
tion in the transgenic mice but not in the control mice. These 
observations suggest that the current densities in transgenic 
mice comprise 2, or possibly more, populations of cells (see 
Discussion). Overall, at this age, /„ current densities were 
significantly ( J P<0.05) reduced in transgenic myocytes 
(48.7±5.4 pA/pF, n=33) compared with control myocytes 
(61.2±4.3 pA/pF, n=26), as assessed using the nonparamet- 
ric Kolmogorov-Smirnov method. Identical observations 
were made from myocytes isolated from the left ventricle, 
where /„ measured at +60 mV was significantly (f<0.02) 
reduced from 57.4±4.3 pA/pF (n=22) in control hearts to 
39.6+3.1 pA/pF (n=25) in transgenic hearts. 

Next, we investigated whether changes in 4, were associ- 
ated with alterations in action potential duration (APD). 
Control action potentials were typically short and showed no 
evidence of a plateau (Figure 4D, left). On average, control 
APD 5 „ and APD,*, values were 3.5±0.16 ms (n=12) and 
20.6±2.1 ms (n= 12), As with some myocytes from young 
transgenic mice had spiked action potentials that were indis- 
tinguishable from those of control cells (Figure 4D, center), 
whereas other myocytes had markedly prolonged action 
potentials that were never seen in controls (Figure 4D, right). 
Importantly, the myocytes with, reduced 7 to invariably had 
prolonged action potentials, consistent with / to reduction 
being responsible for APD prolongation. Despite mixed 
populations of myocytes in transgenic mice, the average 
APDjo and APD* values were significantly (P<0.03) pro- 
longed in transgenic mice compared with control mice. 
Consistent with these observations, we found that monopha- 
sic action potentials recorded from the apical LV epicardium 
of transgenic hearts were significantly prolonged at both 50% 
and 90% of repolarization, as shown in Figure 5. APD^ was 
12.3±1.0 ms in control versus 49.2±8.3 ms in transgenic 
hearts (7 J <0.003), and APD,* was 53.5±5.9 ms in control 
versus 108.7± 1 1.0 ms in transgenic hearts (P<0.005), estab- 
lishing that global changes in repolarization occur in young 
transgenic mice, Despite changes in APD, no differences in 
resting membrane potential between the groups (-83.8±0.9 
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Figure 4. K + currents in 2- to 3.5- 
week-old mice. A, Representative out- 
ward current traces from a right ven- 
tricular myocyte from a 23-day-old 
control mouse (left) and from a trans- 
genic I'rttermate (center and right). Out- 
ward K + currents were induced by 
500-ms depolarizations to a range of 
voltages (-40 to +60 mV in 10-mV 
steps) from a holding potential of -80 
mV. Current traces have been normal- 
ized for cellular capacitance. Markers 
indicate 0 pA/pF. B, Current-voltage 
relationships, for the peak current (■) 
and the current remaining at the end of 
the 500-ms pulse (□), were con- 
structed by plotting current density 
against step potential and are shown 
for control (left) and transgenic cells 
(center and right). Outward currents are 
reduced in some transgenic cells. C, 
Frequency distribution of l a density in 
26 control (open bars) and 33 trans- 
genic (solid bars) cells. I ta density at 
this stage in control myocytes was uni- 
formly high, whereas outward currents 
in a large subset of transgenic cells 
were clearly reduced. D, Typical repre- 
sentative action potentials from young 
control (left) and transgenic mice (cen- 
ter and right). Action potentials were 
typically spikelike in control mice, but 
APD was heterogeneous in the trans- 
genic mice, with some action potentials 
similar to those of control mice (center) 
and others markedly prolonged (right). 
The action potentials shown in panel D 
were recorded from the same myocytes 
as those shown in panels A and B. 



mV [n=12] and -83.7±0.7 mV [n=16], in control and 
transgenic cells, respectively) as expected from the I KI results 
(see Figure 6). 

To examine the specificity of the K,4.2N-dependent reduc- 
tion of 7 to , several additional K* currents were examined. I m 
(recorded at the end of a 500-ms depolarization step) and the 
distribution histograms were no different (P>0.1) in right 
ventricular myocytes from 2- to 3.5-week-old transgenic 
compared with control mice (/5oo=24.4±1.3 pA/pF [n=26] 
control versus 21.5±1.2 pA/pF [n=31] transgenic). Similar 
results were observed in myocytes isolated from the left 
ventricle (not shown). Furthermore, I Kl densities were not 
significantly different between transgenic cells exhibiting I a 
densities <40 pA/pF (/ K , density=-15.5±2.1 pA/pF, n=9) 
and control cells (-15.7+1.4, n=13) or transgenic cells 
exhibiting an / to density above 40 pA/pF (- 1 6.4±0.6 pA/pF, 
n=10), as illustrated in Figure 6. As expected, an ANCOVA 
on the distributions summarized in Figure 4C confirmed that 
/ ki densities did not correlate with 7 to (P>0.6) (see online 
supplementary information for a tabulation of all electrophys- 
iological parameters; http://www.rircresaha.org). 



We next examined the hemodynamic characteristics of 
these young mice. The mean aortic pressure and peak systolic 
ventricular pressures were significantly elevated in transgenic 
mice compared with age-matched control littermates. More 
notable were the significant increases in the magnitude of 
both +dP/dt and -dP/dt in the transgenic mice versus 
littermate controls. Neither heart rates nor end-diastolic 
pressures were significantly different between the groups, 
suggesting that the differences in dP/dt between the groups 
were not due to changes in preload. These differences in 
hemodynamic parameters are not the result of the limited 
frequency response of our pressure recording system, because 
signal filtering will tend to reduce (not enhance) the observed 
differences. The elevated contractility coincided with signif- 
icant increases in both peak LV ejection velocities and 
fractional shortening, as measured by echocardiography using 
Doppler and M-mode recordings, respectively. These results, 
summarized in Table 3, establish unequivocally that contrac- 
tility was elevated in the transgenic mice with reduced I b and 
global action potential prolongation, before the development 
of overt hypertrophy. 
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Figure 5. Monophasic action potential recordings. A, Typical 
monophasic action potential recordings from isolated hearts 
from control (left) and transgenic (right) mice. B, On average, 
APD M and APD M were significantly (*P<0.01) longer in the 
transgenic mouse hearts (hatched bars) vs control hearts (solid 
bars). Data are mean±SEM. 

Phenotypic Characterization of Adult Mice 

By 3 to 4 months of age, most transgenic mice developed 
clinical signs of congestive heart failure accompanied by 
gross and histological evidence of a cardiomyopathy (Figure 
3). Hemodynamic studies confirmed this impression. Com- 
pared with littermate controls, transgenic mice had signifi- 
cantly (/"<0.05) reduced peak aortic pressures, reduced peak 
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Figure 6. Iriward rectifier cunrents in 2- to 3.5-week-old mice. A, 
Representative families of repolarizing K + cunrents recorded 
from myocytes isolated from 2- to 3.5-week-old control (left) 
and transgenic (right) mice. Currents were elicited by 500-ms 
steps to voltages in the range -130 to 60 mV (in 10-mV incre- 
ments from -130 to -60 mV and then in 20-mV steps to 60 
mV). / K i densities were similar in the control and the transgenic 
cells, despite the fact that /» was absent in the transgenic cells. 
B, / K1 density in control current (□) and transgenic (■) cells 
were determined at -130 mV and plotted against / to density (at 
60 mV) in the same cells. Cells below the dashed horizontal line 
and to the right of the dashed vertical line express low /«, den- 
sity and low l K , density, respectively (see text for explanation). 
ANCOVA of the distributions confirmed that low / K1 densities 
were not predictors of the density of /». 



systolic ventricular pressures, increased LV end-diastolic 
pressures, elevated heart rates, and severe depression of both 
+dP/dt and -dP/dt. Consistent with these hemodynamic 
changes, echocardiographic studies revealed that adult trans- 
genic mice displayed significant reductions in LV fractional 
shortening and peak aortic injection velocities, as summa- 
rized in Table 3. 

In contrast to the findings in young transgenic mice, the 
average myocyte membrane capacitance (C M ), estimated in 
patch-clamp experiments, was significantly (P<0.05) greater 
in transgenic cells (232±16 pF, n=16) compared with 
control cells (156±6 pF, n=23). Figure 7 shows representa- 
tive current, density traces (Figure 7A) and average current- 
voltage relationships (Figure 7B) recorded in control (left) 
and transgenic (right) right ventricular myocytes. Whereas / to 
was activated over the same range of voltages between the 2 
groups, the average current densities at +60 raV were 
reduced in transgenic (16.5±3.9 pA/pF, n=ll) compared 
with control cells (48.4±3.4 pA/pF, n=21). As expected 
from the reductions in outward K + currents, action potentials 
were typically prolonged in myocytes isolated from the 
transgenic mice compared with age-matched control mice 
(Figure 7C). On average, APD M and APD M values were 
significantly (P<0.05) different between control (3.8±0.3 
and 17.5±1.6 ms, n=8) and transgenic (7.7±0.7 and 
87.9±19 ms, n=7) mice. Similar significant (F<0.003) 
reductions in 7 to density and action potential prolongation 
were observed in myocytes isolated from the left ventricle of 
transgenic mice compared with nontransgenic controls (ie, /„ 
was 43.7±4.5 pA/pF fn= 1 7] control versus 25.4±2.4 pA/pF 
[n=33] transgenic). 

Finally, we examined whether the onset of cardiac hyper- 
trophy and failure was accompanied by more global abnor- 
malities in ionic currents or gene expression typical of 
diseased myocardium. Figure 8 shows representative inward 
rectifier (I KI ) current densities and current-voltage relation- 
ships in control and transgenic mice. The average Ba 2+ - 
sensitive current-voltage relationships for control (■) and 
transgenic (•) mice, /ki, was significantly (PO.005) re- 
duced. At -130 mV, I Kl was -14.8±1.0 pA/pF (n=12) and 
-6.5±0.7 pA/pF (n=8) in control and transgenic cells, 
respectively. In association with reductions in / K! , transgenic 
myocytes had resting membrane potentials (-76.3 ±1.6 mV, 
n=7), which were significantly reduced (P<0.05) compared 
with control resting potentials (-82.3±1.8 mV, n=8). 

Perturbations in cardiac gene expression were also evident 
at this stage. As illustrated in Figure 9 and summarized in 
Table 2, SERCA and PLB transcript abundance were both 
significantly reduced by 2- to 3-fold (P<0.04); /3MHC gene 
expression was reinduced; and ANF levels were markedly 
increased, almost 50-fold (P<0.01), in transgenic mice com- 
pared with littermate controls. Despite the obvious reductions 
in / to current shown in Figure 6, endogenous K v 4.2 message 
and protein were modestly increased in transgenic mice 
compared with controls. 

Discussion 

Previous studies in animal models and human patients have 
established that reductions in the Ca 2+ -independent transient 
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TABLE 3. Hemodynamic and Echocardiography Analysis 

2 to 3 Weeks 12 to 14 Weeks 





Control 


Transgenic 


Control 


Transgenic 


Peak aortic pressure, mm Hg 


72 ±2 (20) 


85+5(17)" 


91+3 (9) 


63±5 (7)* 


Peak LV systolic pressure, mm Hg 


73+3(13) 




95±6(5) 


60±5(6)* 


LV end-diastolic pressure, mm Hg 


3.6+0.7(9) 


3.3+0.7(13) 


3.0±0.8 (5) 


20.2 ±2.1 (6)* 


Peak +dP/dt, mm Hg/s 


1956+83 (9) 


2470±146 (13)* 


3458+148(4) 


927± 269(6)* 


Peak -dP/dt, mm Hg/s 


-1777 + 98(9) 


-2284 + 135 (13)* 


-3398 ±133 (4) 


-709±142(6)* 


Heart rate, beats/min 


287+11 (17) 


267±12 (20) 


234 + 14(9) 


350±19(7)* 


Fractional shortening 


0.45+0.01 (7) 


O.50±0.01 (7)* 


0.45+0.05 (2) 


0.24 ±0.02 (2)* 


Peak aortic ejection velocity, m/s 


0.80+0.022 (6) 


0.90±0.04* (6) 


0.92±0.03 


0.69±0.03* 



Number of individual mice studied is shown in parentheses. 



outward current (/„,) are among the most common alterations 
in K + currents observed in heart disease. 1 1 - 13 - 38 - 40 In this 
study, we sought to understand whether alterations of ionic 
currents such as /„, in heart disease simply reflect global 
alterations in cardiac gene expression or whether these 
electrophysiological changes might contribute to the disease 
process. Members of the IC4.X family have previously been 
demonstrated to contribute to cardiac /„ in a number of 
species and to be downregulated in disease. 26 - 29 - 41 - 44 Accord- 
ingly, we targeted expression of a dominant-negative K V 4.2N 
fragment to the heart using the aMHC promoter, with the 
expectation that such a strategy would specifically repress 
cardiac IC,4.x-dependent currents. 30 Generation of stable 
transgenic lineages harboring the K V 4.2N transgene was 
difficult, immediately suggesting that expression of the trun- 
cated protein in the heart was poorly tolerated. Although our 
studies were therefore limited to observations in a single 
transgenic line, other investigators have reported a similar 
deleterious phenotype with K v 4.2 truncation mutants (G. 
Tomaselli, personal communication, November 1998), sug- 
gesting that the observed effect is specific to expression of the 
mutant protein and not a result of insertional mutagenesis. 

Phenotypic evaluation of the MHCa-K v 4.2N transgenic 
mice demonstrated progression from a hypercontractile state 
with normal cardiac morphology to one of profound myocar- 
dial hypertrophy, dysfiinction, and failure. The enhanced 
contractility in young transgenic mice is likely a result of 
prolongation of the APD and the resulting effects on [Ca 2+ ], 
transient amplitude. Indeed, [Ca 2+ ]i transients are elevated in 
transgenic myocytes from 2- to 3.5-week-old mice with 
prolonged action potentials compared with myocytes with 
normal action potential profiles (data not shown). Such a 
relationship between APD prolongation and [Ca 2+ ] f transients 
has previously been described in dissociated myocytes in 
several settings, including normal cells subjected to action 
potential clamp, myocytes from rats with experimental myo- 
cardial infarction or with spontaneous hypertension, as well 
as those transduced with adenoviral vectors expressing K + 
channel subunits. 21 - 35 - 45 - 46 However, this is the first report, to 
our knowledge, demonstrating that primary genetic manipu- 
lation of the action potential can influence cardiac contractil- 
ity in vivo. 



The mechanisms accounting for the progression from the 
hypercontractile phenotype in young mice to congestive heart 
failure in the older animals is unclear, although a number of 
possible explanations exist. A variety of kinases, phospha- 
tases, and receptor signaling pathways contributing to myo- 
cyte growth and possibly apoptosis are directly activated by 
Ca 2+ or use Ca 2+ as an essentia] cofactor. 24 - 47 - 48 Thus, the 
development of heart disease and hypertrophy in these mice 
might conceivably be linked to sustained elevations in [Ca 2+ ]j 
secondary to APD prolongation. 

Alternatively, the heart failure phenotype in older mice 
may not be directly linked to APD prolongation and elevated 
[Ca 2+ ], but rather to unanticipated and indirect effects of the 
ectopically expressed mutant K,4.2N polypeptide. Recent 
studies have demonstrated that overexpression of foreign 
proteins can induce an endoplasmic reticular (ER) stress 
response, resulting in activation of a number of cell signaling 
and kinase pathways such as C/EBP homologous protein 
(CHOP) and the induction of apoptosis. 49 - 50 Consistent with 
this mechanism, previous studies in cultured myocytes ex- . 
pressing a truncated K V 4.2-GFP fusion construct 51 as well as 
GH3 pituitary cells expressing a truncated KJ.l polypep- 
tide 52 have both demonstrated abnormal trapping of the 
mutant protein in the ER. Indeed, Huang and Izumo 53 have 
recently described a cardiomyopathy in transgenic mice 
expressing high levels of a "biologically inert" protein. Thus, 
it is conceivable that the truncated Kv4.2N polypeptide, 
which is expressed at levels «* 10-fold greater than the 
endogenous full-length protein, may induce a cardiomyopa- 
thy by interference with normal cell trafficking and the 
induction of an ER stress response. Consistent with this 
alternative mechanism, Barry et al 29 have reported that 
reducing /„, by overexpressing an alternative dominant- 
negative K,4.2 polypeptide, which differs from the wild-type 
protein by only a single point mutation in the pore region 
(W362F), is not accompanied by obvious hypertrophy or 
overt heart disease. The discordant phenotype between these 
2 models for 7 to reduction might originate from differences in 
the timing and/or level of transgene expression or differences 
in genetic backgrounds. Unfortunately, these other investiga- 
tors did not assess contractile function or [Ca 2+ ]; transients in 
their transgenic mice to determine whether they also show an 
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Figure 7. K + currents and action potentials in 12- to 13-week- 
old mice. A, Representative current traces recorded from a right 
ventricular myocyte isolated from a 1 2-week-old control mouse 
(left) and transgenic littermate (right). Outward K* currents were 
induced by 500-ms depolarizations to a range of voltages (-40 
to +60 mV in 10-mV steps) from a holding potential of -80 mV. 
Prepulses to -40 mV for 30 ms were used to eliminate Na + cur- 
rents, whereas /c was blocked by adding 0.3 mmol/L extracel- 
lular CdCt 2 . Note that current traces have been normalized for 
cellular capacitance to control for differences in cell size. Mark- 
ers indicate 0 pA/pF. B, Average current-voltage relationships 
showing the current density at the peak (■) and at the end of 
the 500-ms depolarizing pulse (□), plotted as a function of the 
membrane potential for control (left) and transgenic (right) myo- 
cytes. Symbols represent mean values derived from 11 to 21 
cells. Data are mean±SEM. Note that both the difference 
between the peak outward current and the current remaining at 
the end of the 500-ms pulse (ie, /J and current remaining at the 
end of the 500-ms pulse were reduced in 12- to 13-week-old 
transgenic mice. C, Representative action potentials from 12- to 
13-week-old control (left) and transgenic (right) mice. Action 
potentials were greatly prolonged in transgenic myocytes. 

enhanced contractile state. Clearly, additional studies will be 
necessary to reconcile these varying phenotypes. 

Surface ECGs of anesthetized mice did not disclose con- 
vincing evidence of QT prolongation in the K^N trans- 
genic mice at any stage, despite prolongation of monophasic 
action potentials in situ and APD prolongation in a significant 
proportion of isolated myocytes. However, several genetic 
models in which cardiac repolarizing currents are reduced, 
including loss of function of minK 54 - 55 and dominant-negative 
inhibition of ERG, 56 result in no gross perturbations of the 
surface ECG in anesthetized mice. Given the difficulty of 
precisely identifying intervals on the mouse surface ECG, 57 
the monophasic action potentials may more accurately reflect 
the time course of repolarization and are certainly consistent 
with the significant depression of / to . 

Clinically, prolongation of the cardiac action potential has 
been associated with an increased propensity for cardiac 
arrhythmias, particularly when heterogeneous in nature. Al- 



A 



B 




Voltage (mV) 

Figure 8. Inward rectifier currents in 12- to 13-week-old mice. 
A, Representative inward rectifier (/ K1 ) currents recorded from 
myocytes isolated from 12- to 13-week-old control (left) and 
transgenic (right) mice. All currents were normalized to cell 
capacitance (pA/pF) to correct for differences in cell size. B, 
Average / K i current-voltage relationships in control (■) and 
transgenic (•) mice. / K , current density was significantly reduced 
in transgenic compared with control myocytes. Data are 
mean±SEM derived from 8 to 12 cells. 

though death was typically sudden in the K V 4.2N transgenic 
mice, even in those without obvious signs of congestion, 
short-term electrocardiographic recordings in anesthetized 
mice did not reveal the presence of ventricular arrhythmias. 
We and others have recently used telemetric methodology for 
long-term electrocardiographic recordings of fully conscious 
genetically modified mice. 38 Clearly, further studies to sys- 
tematically determine the propensity for spontaneous or 
inducible arrbythrnogenesis are warranted. 

A 

CON TG 




Figure 9. Molecular markers of hypertrophy in Kv4.2N trans- 
genic mice. Northern Wot analysis of total RNA (A) or mRNA (B) 
from the ventricles of age-matched control (CON) and trans- 
genic (TG) mice. Membranes were hybridized with probes for 
/3MHC, SERCA, PLB, ANF, endogenous and the trans- 
gene (MHO-K^N) and loading assessed with a probe for 
GAPDH. Autoradiographic signals were quantified using NIH 
Image (version 1.59) and normalized to the GAPDH signal. 
Transgenic hearts showed significant reductions in SERCA and 
PLB expression, modest Induction of /3MHC, and marked induc- 
tion of ANF (see Table 2). Endogenous M-2N expression was 
also modestly increased. 
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The extent to which our results are applicable to other 
species is uncertain. Patients with congenital long-QT syn- 
drome rarely show evidence of cardiac hypertrophy, 19 sug- 
gesting that the effects of / to reduction in our mice might not 
be applicable to humans. However, all previously identified 
channel mutations associated with long-QT syndrome affect 
action potential profiles in a manner that is distinct from 
changes produced by /„ reductions and therefore might not 
produce equivalent effects. Indeed, we have found that 
prolongation in the early repolarization period has a much 
greater effect on [Ca ?+ ]j than late in repolarization (data not 
shown). Regardless, to date, no forms of congenital long-QT 
syndrome have been linked to K + channels producing tran- 
sient outward currents. 19 - 20 

In summary, we have generated transgenic mice expressing 
a dominant-negative N-terminal fragment of the K v 4.2 potas- 
sium channel subunit in the heart. Young transgenic mice 
show heterogeneous reductions in I b and APD prolongation, 
in association with a hypercontractile state. Between 8 and 1 6 
weeks of age, these mice develop a dilated cardiomyopathy 
with profound cardiac dysfunction, culminating in congestive 
heart failure and death. Although the mechanism(s) by which 
ectopic expression of the K,4.2N protein in the heart leads to 
cardiac hypertrophy and failure remains to be clarified, our 
working hypothesis is that reductions in I to and consequent 
APD prolongation, at least in the rodent, lead to the devel- 
opment of cardiac hypertrophy and heart failure through 
alterations in calcium delivery and activation of downstream 
signaling cascades. 
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Several studies have demonstrated the feasibility of gene 
transfer into the heart muscle. However, all the available 
data also Indicate that the extent of transfection remains 
limited. As an alternative method to intravascular adminis- 
tration, we have developed a novel strategy which uses 
the pericardial sac. When a repftcation-dericient adenovirus 
containing the cDNA encoding a bacterial $-galactosidase 
is injected into the pericardial sac of adult Wistar rats the 
staining is exclusively, restricted to the pericardial cell lay- 
ers. However, injecting a mixture of collagenase and hyalu- 
ronidase together with the virus, leads to a large diffusion 
Of the Uansgene activity, reaching up to 40% of the myo- 



cardium. Transgene expression is predominant in the left 
ventricle and the interventricular septum but limited in the 
right ventricle. In vivo echocardiographic measurements of 
the left ventricular diameters at end diastolic and end sys- 
tolic times show no difference between virus- and sham- 
injected animals, thus indicating a good clinical tolerance 
to this strategy of virus delivery. The same protocol has 
been used with the same' efficiency in mice, which leads 
us to propose injection Into the pericardial sac as an effec- 
tive and harmless method for gene transfer into the heart 



Keywords: gene transfer, gene therapy, pericardium; adenovirus; myocardium 



Cene therapy is a potential new strategy for cardiovascu- 
lar diseases vvhieh concerns single gene disease as well 
as more complex multjgene pathologies affecting either 
the heart; muscle or its vasculature. One of the major 
issues raised by this strategy is the development of 
cllkieni ,in(J sale gene uvmslc-r ti-clmiquus. 

So far. a number or publications havo demonstrated tlx- 
potential of direct injection of genes into the myocar- 
dium.'- 7 This may seem an attractive approach as it avo- 
ids complicated and expensive ex vivo manipulations fol- 
lowed by In vivo cell or organ grafting. However, direct 
injection into the myocardium results In gene expression 
over a limited region due to the lack of diffusion of the 
vector and. furthermore, it also results In local dssue 
damage which makes it a ralher inappropriate thera- 
peutic approach.' l - ,, - M Intravascular gene delivery has 
raised higher hopes since rhe myocardium has a high 
dens-try of capillaries." 1 " Indeed, as opposed to single 
shot injection. It has been proved that coronary Infusion 
allows sonic diffusion of reporter gunes to the myocar- 
dium. However, at the present state of our knowledge, 
the efficiency of this strategy appears to ba still limited • 
by various Factors such as a low permeability of the capil- 
laries to large molecules or particles due to their continu- 
ous non reniixrrtuecl endothelium, or to ihc need fur high 
perfusion pressure or because of a limited time contact 
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of the vector with the target cell." Moreover. Wrighi er 
a/ 11 pointed out dial incracoronary infusion of cartonic 
liposomes Can result in multiple microinfarcuon. 

In view of these difficulties, we have developed an 
alternative approach for myocardial gene transfer which 
is based on local delivery of chc Ulerapeutic gene into 
rhe pericardium. 

The pericardial envelope of che heart may be used to 
overcome some of the restrictions inherent fn other trans- 
fer mediods. First access to the pericardium can ba 
obtained through rather simple procedures. Second, since 
the pericardium has a closed cavity, this may be used to 
maintain a prolonged contact time with the genetic vec- 
tors. Thv drawback of this approach is chat the pericardial 
envelope- appears to be rather tight, however, we wUI 
show chat diffusion across this membrane can be 
increased by various pharmacological agents. Using this 
simple procedure, we show that significant territories 
of the myocardium can bo transduced by adenoviral 

Adult mole Wistar rats were injected with a A£l- 
recombinant adenoviral vector containing a CMV-drlvcn 
bacterial £-galactosidase gene without a nuclear localiz- 
ation signal. w We used adenovirus since it has proven to 
be a nithur reliable vector forgone transfer Into the heart 
muscle due to its ability to infect nondlvldlng cells, an 
absolute requirement for terminally differentiated cardiac 
myocytes." Intra-pericardial Injections were performed 
through a small incision of the abdominal wall below the 
xyphold appendix, wich a trans-diaphragmatic- approach. 
Delivery of adenoviral veccors Into chu pericardium can 
ho performed safely under visual control. Seven days 
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after che injection, the animals were killed and their 
hearts as well as other organs (lungs, diaphragm, liver, 
kidney, spleen) were harvested. Serial frozen sections 
wore performed and assayed for p-galactosidasc activity. 
X-gal (S-bromo-4-chloro-3-indolyl-p-o-galactoside) stain- 
Inn was observed -almost exclusively in the pericardial 
cell layers (figure I). Only rarely were myocardial cells 
found to be transduced by the adenovirus (Figure lb). No 
significant staining was found eicher in the lungs or the 
diaphragm (data nor shown). The same observation was 
also true for organs at the abdominal level, such as the 
liver, spleen or kidneys. Hence, the pericardium appears 
to be transduced by adenoviral vecrots, but It also proves 
TO be a tight envelope around the heart which allows no 
significant transduction of the myocardium. A similar 
observation was made by another group. 13 Such data are 
nor so surprising since pericardial cells form a layer of 



tightly joined cells limiting dilfusion across this anatom- 
ical barrier. Moreover, the connective tissue layers found 
in the cardiac muscle most probably diminish the spread 
and overall infecdviry of vectors."-' 8 Various strategies 
have been described to circumvent this problem. Lamp- 
ing era/" showed that pre-treatment with tetracycline did 
increase ventricular myocyte transfection. possibly 
through the induction of an inflammatory process which 
could have increased a vector uptake at the level of the 
epicardium. Interestingly. Aoki er ai 1 " have reported myo- 
cardial transfection after injection within ihe pericardium 
Of a hemaggluilnating virus of japan (HVJ)-llposome 
complex. However, their data only showed transfection 
in a limited area of the myocardium widen extended 
through few surface layers, Transfected cells included 
cardiac myocytes and fibroblasts beneath the pericar- 
dium and some myocytes in the middle of the myocar- 
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Figure 2 (iKraprricanlial rector delivery in ilw presence or pron-olyrjc inzyincs Improves gem tra'kfT- StrtJl Cryoscctions dt 

X-gil staining of die myocardium, (a) A typical immerse section show chat mutt transduced myocytes are f«/u<l In the left ventricle (infaiai wail 
and port of lite Luernl mil] and the imervriitriculur septum. The rfg/if ventricle is only parity tramftcfetf. ffy A toneluidlml Section confirms the 
fra/Wfcctct/ aita exwndlnn from ihe basis U (lie VfieX. (c) MiCruScopic analysis dtmmsmtcS tlmt X-gal staining concerns essei^rially cardiac myocytes. 
rtuii t/wiig/i iUimiiits is nut /lumuitvieuiji (iiugtii/fcJUUM xiUfl). 



diuili around die vasa vasoruin. ,,J However, such treat- 
ment still remains Inefficient 

We used a different strategy and reasoned that a loos- 
ening of die pericardial barrier might allow the virus to 
spread into die myocardium. To achieve this, we tested 
the possibility of interfering with some of the molecules 
which constitute this barrier. Among die various compo- 
nents of the extracellular matrix which composes the car- 
diac Intersticium. molecules of collagen type I and type 
111 are important. Thus, as u first seep, we tested whinner 
increasing concentrations of collogenase could Improve 
tlllTuston ufilifWomliiiiani :i<lim>vii-m Mlms-m^ tiiji-c- 
rltm in the pericardium. High < loses of collagcnase (over 
2 mg) appeared to be lethal after a row day* and we 
established diat the maximal tolerable dose had to bu less 
than Z mg for an adult rat. However, under these con- 
ditions, transfection of cardiac myocytes remained pour 
and still limited to die lonmediate layer underlying die 
pericardium (data not shown). 



Another major component of the extracellular matrix 
Is hyaluronic acid and so we tested the effect of injecting 
Increasing concentrations of hyaluronldase ranging from 
1 to 700 units. Even at the highest doses, this en^me 
Was totally inefficient in facilitating gene transfer to the 
myocardium across the pericardial barrier (data not 
shown). 

However, when both enzymes were used in conjunc- 
tion, a different picture emerged. As shown In Figure 2, 
upduiteed ojiicenrruduito ur cutluauitaiife (i n »si) :iod hy«- 
luronldase. (500 U), when injected together wldi the 
riv.>mbiii.ml .•Hlrnmiiw :illu\v r| n > virm Hi • lllluxt. In ill.' 
mvocardiuin. In particular, a longitudinal section of rhe 
heart (figure 2(b)) clearly Indicates that 3 : galactosidase 
expression Is distributed Troiii the base down to the apex. 
There Is. however, a restriction in the distribution or the 
expressed gene since transfoction mostly coiicaniod the 
anterior wall of die left ventricle, the Interventricular sep- 
tum, part of the lareral wall oF the left vcntriclu -and part 
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of the right ventricle (Figure 2a). Figure 2c clearly indi- 
cates chai the cardiac myocytes express die reporter genu. 
It Is also noteworthy thai no inflammatory reaction could 
be found in the transfected area at the time of death. 

For comparison, the subdiaphragmatic approach was 
used to perform direct inD-jcarUiac injection. Injection 
volume had co be adjusted to a maximum volume of 
100 n.1 since injections of larger volumes induce cardiac 
arrest. Animals were killed at day 7 after injection and 
transverse cryosections of the heart were assayed for fS- 
galactosidase activity. X-gal staining was measured In 
order to quantify che Cransfcction area. The adenovtrus- 
transduced cardiac tissue area ranged from 1.4 to 3.9% 
Of the total section. Figure 3 demonstrates the limited 
extent of the transfection area after direct injection into 
the left ventricular wall. These results are in close agree- 
ment with previously published data by other authors. 9 - 20 
To validate further the harmlessness of our injection 
procedure, a number of measurements were made. First 
at the time of death, virus-injecred animals had similar 
body weights when compared with control animals 
injected with identical enzyme solutions but lacking the 
adenovirus, and with untreated animals. Second, the 
heart weight/body weight ratios did not differ in any sig- 
nificant way between rars injivted with recombinant 
adenovirus tt-SM i0.85 mg/g, n= 15J and sham operated 
animals (2.fil ±0.41 mg/g. n = S) when killed at 7 days 
after injection, lastly, global heart function was analyzed 
by means of In vivo echocardiographic analysis of the left 
ventricular end diastolic and end systolic dimensions mid 
fractional shortening. A global Mr ventricular ejection 
friction was also calculated. As shown in Table 1. no scat- 
istidil difference could be found between the various 
groups of animals, thus confirming the good clinical tol- 
erant:? achieved by this local method of gene delivery. 

To optimize our Injection protocol, we tested "the 
efficiency of increasing doses of recombinant ade 







D7 


D28 P 


LVEDD (mm) 
LV EDS (mm) 
FS* {%) 


3 

6.6 ±0.20 
1.8 ±0.33 
73 £5% 


3 

5.8 + 0.0 
1.6 ±0.1 
72 ±256 


6.7 + 0.8 NS 
2-2±O.B NS 
68* 536 NS 



■FS (56) = [(LVEDD - LVED)/LV£DDJ x 100 
Left ventdcular end diastolic (LVEDD) and end systolic 
(LVEDS) dimensions- and fractional shortening (F5) were 
obtained using two-dimensional targeted M-mocle tracings Gust 
below tba ops of the mitral valve leaflets on a tang axis view 
of the left ventricle) with a 13-15 MHz transducer (Sequoa. 
ACUSON. Mountain Valley, CA, USA). Three groups of animals 
were Analyzed and all results are expressed as mean ± standard 
error. Mo Significant modifications "Were observed in both 
treated groups compared with sham-operated rats. Shorn -oper- 
ated (Sham) animals received the complete penneabilizing mix 
without vector and were examined at day 7 after Injection. 
Virus-Injected animals were analyzed either at dav 7 (D71 or ac 
day28(D2a). ' 1 ' 



ranging from 8x10" pUique forming unir (p.f.u.) to 
4 x 10"'p.r.u. As shown In-Table 2, the maximal efficiency 
of transduction was obtained wkh 8 x 10 s p.f.u. Higher 
doses did not improve efficiency and were usually found 
to lead to premature death of the animals (data noi 
shown). All further experiments were conducred usinn 
Sx iff' p.f.u. We albu doieitiuiied the volume l>I" virus 
which had to be used and found that the best results wan 
obtained with an injecdon volume of 750 uJ, Above this 
volume, leakage outside the pericardium seems to domi- 
nate while below 500 uJ. diffusion of the vector around 
the heart is limited, thus resulting in a smaller area of 
transduction of die myocardium. 
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Table Z Dosc-dependem effect ofgene transfer tnco the rat liean. 



Control 
8.0x10" 
2.6x10" 



0.00 ±0.00 
4JB±i2« 
B.99±3.73 
17.18 ±U0 
4 1.10 ±6.62 



The influence of the total viral load was estimated by measuring 
the X-gal-stalned area on traiwerce sections. Animals were 
killed at 6.5 days after Injection. This planimetrlc methods which 
Integrates adjacent areas mfiy Underestimate sparsely (rans- 
fecjed myocardial cells, but Is almost operator independent on 
successive sections. Results are expressed as mean x standard . 
error and were compared pairwise by statistical tools. 



of trans(jene expression til the rat heart 
n Transferred area $6 P 



0.00 ±0.00 
16.37 ±1170 
40.81 ±9 J03 
22.54 ±7.83 
6.3S + 1.1Z 
0.57 ±0.21 
0.40 ±0.50 



0.0472 
0.0108 
0.01 74 



Gene expression In (he myocardium was followed from day 1 
to day 42 after injection. X-gal -Stained areas were expressed as 
a percentage of the total transverse Section area. Results are 
expressed as mean ± standard error- The cvolucion jf this value 
was analyzed pairwise by statistical tools. 





fc( olay fc adiicvHl in mice. CS7BU6 m 



t /njcifcd Itiaily vWrJi lx IV /ij.u. of rccomliin.ini atffwWru*. ( 



Serial I'nust tiwa uf luottsi" /(ran tt'Mlwtflrttlr ^nir ImitsfiT into liar fit-art. 0>\ A tbulM iW sfwa ll# mining /wttmi uf iphtlusiihsi activity jfttr 
JtA.Tii»t ii-Us-iiiJinnl tntmfrt.iiu». A'-gJ/ suumis Is foumi hi epiaitlhl hyrm vn tftc cro*-M£flv„ uf l/ir muusv Inan. Larger jmu of lrans/fcttA»i can 
bp *n-n hi (fir iiumrtiirimU xpumi jixiMUvrior ihrf/ uf ilxr (rfi vwilrfcfc. 



A rime-courso analysis of nxmsge-no expression ihows 
that, already ac day 1, a significant expression of the 
transgene can be detected which increases unci I day 7 
when 40.8 ± 7.3% (n = 8) of the myocardium is transfected 
by the adenovirus (Table 3). Thereafter, transgene 
expression progressively declined due to a significant 
inflammatory reaction which was found around all areas 
expressing the transgene (data not shown). This tlmc- 
course eorrcliirws well widt previous results reported on 



direct injection of adenoviral vectors into the myocur- 
dluin, where transgene expression strongly increased 
during the first 7 days and then progressively declined 
at 14 and 21 days. 1 We did not try to immunosuppress 
our animals since our goal was not to look for long- term 
gene expression, but to establish the condirions which 
would allow an Optimal viral transduction of the myocar- 
dium. It is well known thai first generation adenoviral 
vectors induce an immune response that is a major cause 
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of transient gene expression in immunocompetent ani- 
mals and avoidance of an immune response may extend 
expression of genes introduced Into tfie myocardium. 2 us 
Tissues other than the myocardium were routinely 
assayqd for p*-galactosldase actlvlry. As anticipated, lung, 
liver, spleen and kidneys were always positive: however, 
the diaphragm muscle never showed evidence of Trans- 
duction by the adenovirus, indicating that our transdf- 
aphramatic injection did not induce any transfeccion of 
the diaphragm. 

Our strategy is not limited to the rat. and Figure 4 
Shows that a comparable result can be obtained with 
C57BL/6 mice. The distribution of expression is similar 
tu chat found in die rat, especially with regard to the 
regions of the myocardium which are excluded such as 
die left vi'iurirle (conpaiT Figure 2 and figure -I). 

Jn conclusion, our results demonstrate that intra-peri- 
cardial injection of recombinant adenovirus vectors in die 
presence of proteolytic enzymes leads to an efficient and 
safe strategy to deliver a transgette tu the heurr. No dam- 
age to the global heart function could be detected by ech- 
ocardlographic measurements nor could we find any sig- 
nificant Structural alterations of the myocardium at this 
early stage. As anticipated, we subsequendy observed an 
inflammatory reaction due to the Immunogenic potential 
of both the adenovirus vector and the reporter gene, for 
future development of this strategy it Is obvious that 
other vectors will need to bo used which will include bet- 
ter tailored defective adenovirus or less immunogenic 
viruses such as the adeno-associated virus*'-' 1 or even 
naked DNA. Moreover, the fact that other noncardiac 
tissues were also efficiently transduced emphasizes the 
need for another level of control. This will be achieved 
by placing the therapeutic gene under the control of a 
cardiac-specific promoter. Finally, the facr that we could 
transpose our method to another animal model and 
obtain similar results prompts us lo suggest thut this 
oppruadi will be useful for future youo therapy in 
heart disease, 
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Expression of Recombinant Genes 
in Myocardium In Vivo After 
Direct Injection of DNA 

Hua Lin, MD, Michael S. Parmacek, MD, Gerald Mode, BS, 
Steven Boiling, MD, and Jeffrey M Leiden, MD, PhD 



The ability to program recombinant gene expression in cardiac myocytes in vivo holds promise 
for the treatment of many inherited and acquired cardiovascular diseases. In this report, we 
demonstrate that a recombinant /3-galactosidase gene under the control of the Rous sarcoma 
virus promoter can be introduced into and expressed in adult rat cardiac myocytes in vivo by 
the injection of purified plasmid DNA directly into the left ventricular wall. Cardiac myocytes 
expressing recombinant /3-galactosidase were detected histochemically in rat hearts for at least 
4 weeks after injection of the p-galactosidasc gene. These results demonstrate the potential of 
this method of somatic gene therapy for the treatment of cardiovascular disease. (Circulation 
1990;82:2217-2221) 



Somatic gene therapy, Ibc expression of recom- 
binant genes in non-germ-linc tissues of the 
adult organism, holds great promise for the 
: treatment of many inherited and acquired human 
1|> „ diseases (reviewed in Reference 1). The biological 
v requirements for this type of gene therapy include 
-• the ability to introduce recombinant genes efficiently 
\ into the appropriate cells and tissues and to program 
, the high-level and, in many cases, stable expression of 
:. these recombinant genes in vivo. In addition, it is 
y. necessary that the process of gene therapy itself not 
be harmful to the recipient organism, in particular, 
; : that the techniques used to introduce the recombi- 
■ ] nant genes do not result in persistent infection of the 
.. host or in deleterious mutations of the recipient cells. 
jg~ Two general approaches have proven useful in ani- 
mal models of somatic gene therapy. In the first, 
recombinant genes have been introduced into cul- 
tured cells in vitro, and cells expressing the recombi- 
nant gene product have then been transplanted into 
the appropriate tissue of a recipient animal. 1 - 4 In the 
second, recombinant genes have been introduced 
directly hito somatic cells in vivo. 5 
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The ability to program recombinant gene expression 
in adult myocardium in vivo requires both an expres- 
sion vector with high-level activity in cardiac myocytes 
aod a method for introducing such a vector into myo- 
cardial cells in the adult animal. A previous study 
demonstrated that murine skeletal myocytes display a 
rather unique ability to take up and express DNA after 
direct injection in vivo." In the studies described in this 
report, we show that an expression vector using the 
Rous sarcoma virus (RSV) long terminal repeat (LTR) 
programs high-level recombinant gene expression in rat 
cardiac myocytes in vitro and demonstrate that recom- 
binant genes cloned into this vector can be introduced 
into and expressed in adult rat cardiac myocytes for at 
least 4 weeks after direct injection of plasmid DNA into 
the left ventricular wall. 

Methods 

Cell Culture and Transient Transfcctions 

Neonatal rat cardiac myocytes were isolated from 
1-2-day-old Sprague-Dawley rats (Charles River Lab- 
oratories, Wilmington^ Mass.) by collagen ase digestion 
as previously described. 7 This method results in the 
isolation of more than 90% cardiac myocytes. 7 Twenty- 
four hours after isolation, lxlO 6 freshly isolated myo- 
cytes in a 60-mm collagen-coated dish (Collaborative 
Research Inc., Walthara, Mass.) were transfected with 
15 fig of cesium chloride gradient-purified chloram- 
phenicol acetyl transferase (CAT) reporter plasmid 
DNA plus 5 ti% of pMSV#gal reference plasmid DNA 
as follows: 20 ug of plasmid DNA was resuspended in 
15 ml of Opti-MEM (G1BCO, Grand Island, N.Y.) 
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Figure 1 . Transcriptional activity of the Rous sarcoma virus (RSV) long terrrumd repeat (LTR)m m neonatal cardvcyuxm ntro. 
V^AzA-tomJ^JaZ of the pRSVCAT and pRSVegal plasrnid, ^^Z^^^T^f 
acetyl transferase gene. Hindlll <H3) and Bamf/7 (B) restriction endonuelease sttes are shown Panel B .TmnscnpUonal acUvay of 
" - ZsVLlRbt rlt neonatal cardiocytes in vitro. Rat neonatal cardiocytes were trunsfeaed vrth 15 ^ofthepromoteHesspSVOCAT 
control plasmid or the pRSVCAT plasmid (see panel A) and cell extructs prepared 48 hours after transfectton were normalxcd for 
ZZ^ZeTtand Jsayed for CAT activity as previously described* To control for differences m transfecMon effic^naesal 
^eZnsatso^aZlSKofthepMSV&alrefe^^ 
y. tfVOCAT plasmid (which produced 1. 7% acetyhtion) after correction for differences w transection efficiency. 



the pSVOCAT plasmid (which produced 1. 

and added to 1.5 ml of Opti-MEM containing 50 yA of 
Iipofectin reagent (BRL, Gailhersburg, Md.)- The re- 
sulting" mixture was added to one 60-mm plate of 
cardiac myocytes. After 5 hours at 3T C in 5% COj, 3 
ml of Medium 199 plus 5% fetal bovine serum (FCS) 
(GIBCO) was added to the cells, and the mixture was 
incubated at 37° C for 48 hours. Cell extracts were 
prepared and normalized for protein content using a 
commercially available kit (Bkwad, Richmond, Calif.). 
CAT and £-galactosidase assays were performed as 
previously described. 9 

Plasmids 

The promoterless pSVOCAT plasmid 10 and the 
pRSVCAT 11 plasmid in which transcription of the 
bacterial CAT gene is under the control of the RSV 
promoter have been described previously. The 
pRSV/Sgal plasmid was constructed by cloning the 
4.0-kb £-galactosidase gene from pMSVflgal" into 
flwdlll/flamHJ-digested pRSVCAT (see Figure.lA). 

Injection of Recombinant DMA In Vivo- 

Six- to 1 1-week-old 250-g Sprague-Dawley rats were 
housed and cared for according to National Institutes 
of Health guidelines in the ULAM facility of the 
University of Michigan Medical Center. Rats were 
anesthetized with 20 mg/kg pentobarbitol Lp. and 60 



mg/kg ketaminc i.m., intubated, and ventilated with a 
Harvard (Harvard Apparatus, South Natick, Mass.) 
respirator. A left lateral thoracotomy was performed 
to expose the beating heart, and 100 p% of plasmid 
DNA in 100 of phosphate-buffered saline (PBS) 
containing 5% sucrose (PBS/sucrose) was injected 
into the apical portion of the beating left ventricle 
using a 30 -g needle. Control animals were injected 
with 100 fil of PBS/sucrose alone. The animals were 
killed 3-5 or 21-30 days after injection by pentobar- 
bitol euthanasia; hearts were removed via a median 
sternotomy, rinsed in ice-cold PBS, and processed for 
/3-galactosidase activity. 

Histochemicul Analysis 

Three-millimeter cross sections of the left ventricle 
were fixed for 5 minutes at room temperature with 
1.25% glutaraldehydc in PBS, washed three tiroes at 
room temperature in PBS, and stained for /J-galacto- 
sidasc activity with X-gal (Biorad) for 4-16 hours as 
described by Nabel ct al ? The 3-mm sections were 
embedded with glycomethocrylate, and 4-7-jwn sec- 
tions were cut and counterstaincd with hematoxylin 
and eosin as described previously. 2 Photomicroscop) 
was performed using Kodak Ektachrome 200 film and 
Leitz Laborlux D and Wild M8 microscopes. 
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* FlOURB 2. Expression of a recombinant p-galactosida, i i r i yocytes in vivo after direct injection ofpRSVfigal DNA 
Hi* into the left, ventricular wall One hundred micrograms y .~, r *~«^ was injected into the beating apical wall of the left 

| Mntncle of Sprugue-Dawley rats using a 30-g needle as described in "Methods. " Hearts were harvested 3-5 days or 3-4 weeks after 
injection and stained far p-galacfosidase activity. Panel A: Wx view of a 3-mm section of a heart 3 days afterpRSVpgal injection. 

* Panel B: 18x view of a 3-mm section from a heart 27 days after pRSVfigal injection. Panels C and D: 125x and 250x views, 
respectively, of 4-pM sections from a heart 3 days after pRSVflgal injection. fiJjalactosidase activity (dark-blue staining) is seen 

^ Only within cardiac myocytes that can be identified by their myofibrillar architecture. 



Results 

%~RSVLTR Promotes High-Level Gene Expression in 
telial Neonatal Cardiocytes In Vitro 

Although the RSV LTR displays high-level tran- 
| scriptional promoter activity in a wide variety of 
Jsimiaortalized cell types," previous transgenic stud- 
l-Ies have suggested that this promoter is preferen- 
tially active in skeletal and. cardiac myocytes in 
JpivQ.iM* To test directly the transcriptional activity 
jgpf the RSV LTR in rodent cardiac myocytes, the 
;f>RSVCAT vector 11 in which expression of the 
ihacterial CAT gene is under the control of the RSV 
iiTR was transfected into primary neonatal rat 
^cardiac myocytes using lipofectin. Two days after 
fjtransfection, the cultures were harvested and as- 
sayed for CAT activity as prcviousry described-* All 
1'ira.nsfections also contained 5 p% of the pMSV/3gal 
p$Iasmid ,z to correct.for differences in transfection 
| efficiencies. As shown in Figure 1, the RSV LTR 
||Was able to increase transcription of the CAT gene 
% 87-fold compared with the promoterless pSVOCAT 
icontroi plasmid. The pRSVCAT-transfected car- 
fehac myocyte extracts produced 95% acetylation in 
1st standard thin-layer chromatography assay. 9 By 



comparison, identically prepared extracts of 3T3 or 
HeLa cells transfected with this same vector pro- 
duced 22% and 35% acetylation, respectively (data 
not shown). Because the activities of cotransfected 
pMSV/Jgal reference plasmids were almost identi- 
cal in all three transfections, these results demon- 
strated that the RSV LTR programs high-level 
transcription in primary cardiac myocytes in vitro. 

The ability to unambiguously identify the cell 
types that are expressing recombinant gene prod- 
ucts is an important requirement of all animal 
models of gene therapy. Because the bacterial 
/3-galactosidase reporter gene (but not the bacterial 
CAT gene) allows direct histological visualization 
of recombinant gene expression, we constructed a 
pRSV/9gal vector in which bacterial £-galactosidase 
gene expression is regulated by the RSV LTR 
promoter for further studies of recombinant gene 
expression in vivo (Figure IB). 

Expression of p-Galactosidase Gene in Rat Cardiac 
Myocytes After Infection of pRSVflgal DNA Into the 
Left Ventricular Wall In Vivo 

In an attempt to program recombinant /8-galacto- 
sidase gene expression in rat cardiac myocytes in 
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vivo, we took advantage of a previously described 
technique for producing recombinant gene expres- 
sion in murine skeletal myocytes in vivo. 6 Briefly, 100 
M-g of pRSV/8gal DNA was resuspended in 100 /j! of 
PBS containing 5% sucrose (PBS/sucrose) and in- 
jected via a 30-g needle directly into the beating left 
ventricular wail of 6-11 -week-old Sprague-Dawley 
rat hearts. Control rats received injections, of 100 /jd 
of PBS/sucrose without DNA. Rats were killed either 
3-5 days or 3-4 weeks after injection, and hearts 
were fixed and stained for /3-gaIactosidase activity. 
/3-Galactosidasc activity as manifested by dark-blue 
staining was readily apparent to the naked eye in 
sections of three of four of the pRSV^gal-injected 
hearts at 3-5 days and four of five of the pRSV/3gal- 
injected hearts at 3-4' weeks after DNA injections 
(Figures 2A and 2B). This staining, which was focal 
and patchy, occurred only in a single area of each 
heart injected with pRSV/3gal DNA and was not seen 
in five control hearts injected -with PBS/saline alone 
(data not shown). Failure to observe staining in two of 
nine of the pRSV/jgal-injected hearts may have been 
due to the lack of DNA uptake or expression in these 
hearts or, more likely, to technical difficulties in 
successfully centering and anchoring the needle in the 
relatively thin beating left ventricular wall during the 
injection process. 

Because the normal ventricular wall contains both 
myocytes and fibroblasts and because the injection of 
. DNA might be expected to cause a localized inflamma- 
tory response, it was important to determine which cell 
types were expressing the recombinant /J-galactosidase 
gene. Histochemical analysis of sections from hearts 
injected with the pRSV0gal DNA clearfy demonstrated 
/8-galactosidase activity within cardiac myocytes that 
were easily identified by their myofibrillar architecture 
(Figures 2C and 2D). Between one and 10 positively 
staining myocytes were seen per high-power field, and 
these were often noncontiguous, suggesting that the 
uptake of DNA and/or its expression is a relatively 
low-frequency event. Because it was difficult to accu- 
rately identify the extent of DNA injection and because 
the positively staining areas were quite focal and 
patchy, it was impossible to accurately quantitate either 
the percentage or the total number of cells expressing 
recombinant ^-gakctosidase activity in a given heart 
However, it is dear that only a small fraction of cardiac 
myocytes expressed the recombinant protein. In addi- 
tion, it B .worth noting that sections from the 3-5-day 
postinjection hearts often showed evidence of an acute 
inflammatory response along the track of the needle 
(Figure 2G) and that in several cases fibrosis along the 
needle track was observed in sections from the 3-4- 
week postinjection hearts (data not shown). 

Discussion 

The studies presented have demonstrated that it is 
possible to program recombinant gene expression in 
cardiac myocytes after direct injection of DNA into 
the left ventricular wall. Functional recombinant 
protein expression in myocytes was demonstrated 



directly using an enzymatic assay for /J-galactosidase, 
Recombinant gene expression was observed in myo- 
cytes from seven of nine of the injected hearts at both 
3-5 days and 3—4 weeks after injection. Expression 
was patchy and was observed only in direct contiguity 
with the site of injection. These findings have several 
implications regarding both the use of this method 
for somatic gene therapy in the heart and the biology 
of recombinant DNA uptake and expression in mus- 
cle cells. 

A previous study suggested that murine skeletal 
muscle cells possess a unique ability to take up and 
express injected recombinant DNA.* Our results 
have extended this observation to cardiac muscle 
cells in a second rodent species. It has previously 
been thought that successful DNA transfection and 
expression may require recipient cell division and, 
more specifically, breakdown of the recipient cell 
nuclear membrane to allow DNA entry. Because 
skeletal myocytes have a limited potential for mito- 
sis,' 5 it remained possible that the previously re- 
ported successful transfection of skeletal myocytes 
was dependent on their mitotic potential. In contrast 
to skeletal myocytes, adult cardiac muscle cells arc 
unable to divide. 1 * Thus, our results demonstrate that 
mitosis is not necessary for successful transfection of 
cells with DNA. The mechanisms that allow prefer- 
ential uptake of DNA into cardiac and . skeletal 
myocytes remain unclear. However, our data suggest 
that they must be dependent on structural or func- 
tional properties that are shared by skeletal and 
cardiac muscle. Current hypotheses include the pos- 
sibility of specialized muscle cell transport systems or 
the unique ability to physically disrupt the cell mem- 
branes of muscle cells in a reversible fashion during 
the recombinant DNA injections. 

The technique of somatic gene therapy using direct 
DNA injection into myocardium, as described in this 
report, has several advantages compared with other 
previously described methods of gene therapy. First, 
infectious viral vectors are not required, eliminating 
the possibility of persistent infection of the host. 
Second, a previous study 6 has suggested that recom- 
binant DNA taken up and expressed in skeletal 
myocytes persists as an episome and therefore does 
not have the same potential for host cell mutagenesis 
as do retroviral vectors that integrate into the host 
chromosome. Finally, this method does not require 
the growth of recipient cells in vitro, a requirement 
that would render transfection of nondividing cardiac 
myocytes particularly difficult. 

Direct injection of recombinant DNA into the 
myocardium holds promise for the treatment of many 
acquired and inherited cardiovascular diseases. We 
are particularly interested in the possibility of stim- 
ulating collateral circulation in areas of chronic myo- 
cardial ischemia by expressing recombinant angio- 
geitesis factors locally In the ventricular wall. 
Although the method described in this report is a 
first step toward such gene therapy approaches, many 
questions and problems remain to be addressed 
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before this type of gene therapy caa become a reality, 
first, it must be demonstrated that human myocytes, 
like their rodent counterparts, are able to take up 
and express recombinant DNA, The longevity of 
^recombinant gene expression must be more fully 
examined, and the possibility that some of the recom- 
binant DNA is integrated into the host genome with 
. (he concomitant potential for mutagenesis must be 
ruled out. Modifications of the current transfection 
protocol must be developed to increase the frequency 
of recombinant gene expression in cardiac myocytes. 
Qf equal importance, the inflammatory response to 
the injected DNA must be controlled to prevent the 
formation of arrhythmogenic foci. Finally, it will of 
interest to determine whether high-level recombi- 
nant gene expression can be programmed in vivo by 
the injection of expression vectors containing cardiac- 
specific transcriptional regulatory elements. Ongoing 
studies in our laboratory are designed to address 
these problems. Nevertheless, the initial studies de- 
Scribed in this report suggest that somatic gene 
;therapy in the heart may eventually become a useful 
therapeutic modality. 
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Abstract 

Successful treatment of muscular disorders awaits an adapted 
gene delivery protocol. The clinically applicable technique used 
for hematopoietic cells which is centered around implantation 
of retrovirally modified cells may not prove sufficient for a re- 
versal of phenotype when muscle diseases are concerned. We 
report here efficient, long-term in vivo gene transfer throughout 
moose skeletal and cardiac muscles after intravenous adminis- 
tration of a recombinant adenovirus. This simple, direct proce- 
dure raises the possibility that muscular degenerative diseases 
might one day be treatable by gene therapy. (/. Clin. Invest. 
1992. 90:626-630.) Key words: adenovirus • gede therapy • 0- 
galactosidase • muscular disease • eukaryotic viral vector 

Introduction 

The first genetic disorders amenable to gene transfer-based 
treatment will .be monofactorial diseases. The vast array of tar- 
get tissues translates the need for the development of appro- 
priate, efficient gene transfer vehicles. The ability of retrovi- 
ruses to integrate into the host genome has led to their use in ex 
vivo treatment protocols. Because thosccell types capable of 
withstanding extraction, in vitro manipulation, and, finally, 
reimplantation arc quite limited, other strategies need to be 
explored. Furthermore, the requirement retroviruses have for 
host cell proliferation constitutes an important drawback of 
such vectors and limits their applicability. Many targets rele- 
vant to human disease {liver, lung, muscle, neurons) will re- 
quire other means of gene transfer. 

Efficient and long-term expression of genes adenoviraily 
transduced has recently been reported in hepatocytcs and bron- 
chial epithelium of animals (1-3X showing that the adenoviral 
vector is capable of transferring genes to ndndividing or slowly 
proliferating cells. To investigate other potential targets for re- 
combinant adenoviral vectors, we have constructed a recombi- 
nant adenovirus expressing a nucleariy targeted reporter en- 
zyme (Ad.RSVj8gal). The rapid in situ detection of the nu- 
cleariy targeted (J-gaJactosidase allows an unambiguous and 
precise appreciation of adenoviral-mediated gene trans- 
fer (4, 5). 
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Methods 

Construction of recombinant plasmid pAd.RSV&gal. The pAd.RSV- 
(3gal is a pML-2 derivative where the nls JacZ gene with the SV40 early 
region polyadenylation signal (5, 6) dn'ven by the Rous sarcoma virus 
long terminal repeat (RSV LTR)' is inserted downstream of 1 J map 
units (mn) (PvutT she) from the left end of the adenovirus type 5 (Ad5) 
genome. The reporter gene is followed by ma 9.4-17 (BgHl-HwdUl 
fragment) of Ad5 to allow homologous recombination with the adeno- 
viral genome for the generation of the recombinant adenovirus (Fig. I). 

Construction ^recombinant adenovirus Ad.RSVfigal^The recombi- 
nant adenovirus was constructed by in vivo homologous recombina- 
tion (7) in 293 cells (8) between plasmid pAd.RSV/Jgal and Ad dJ327 
(9) genomic DNA- Briefly, 293 cells were cotransfcctcd with 5 of 
linearized pAd.RSV0gal and 5 us of the large Clal fragment (2.6-100 
mu) of Ad5 DNA. After overlay ingwhh agar and incubation for 10 d at 
37*0, plaques containing recombinant adenovirus were picked and 
screened for nuclear ^-galactosidase activity. The recombinant virus 
was propagated in 293 cells and purified by cesium chloride density 
ccntrifugalion. Titers of the viral stocks were determined by plaque 
assay using 293 cells. 

Injection of mice. 1- to 5-d-old and adult (2 mo) mice (C57BL6 
X DBA) were injected either intravenously (iv) or intramuscularly (im) 
(quadriceps) with 20-40 >d of highly purified recombinant adenovirus, 
Ad.RSV/?gal (10" plaque-forming units [pfu]/mlX 

Escherichia coli Q-galaaostdase assay. Organs from killed animals 
were fixed in 4% ^formaldehyde in PBS for 30 min. After rinsing they 
were incubated overnight at 30°C in X-gal solution (2 mM) (6). Whole 
specimens were flash frozen in isopeotane in liquid nitrogen and 
mounted in OCT compound (Miles Laboratories Inc., Napcrville, IL) 
for cryosectioning. Sections (10 /un thick) were fixed 10 min in p4cx- 
maWebydc as described for organs, rinsed, and incubated with: X-gal 
substrate. Sections were then counterstained with hematoxylin and ec- 
sin according to standard methods. Muscle was dissociated after whole 
organ staining to obtain isolated myofibers that were then counter- 
stained with hematoxylin and eosin. Urine and fecal matter were col- 
lected at 2 h or 22 d after iv injection and exposed to 293 cells. After 24 
b of incubation at 37°C the cells were fixed and stained with X-gal 
solution. 

DNA analyst? of animals. The heart, lung, liver, and quadricep 
muscle from mice iv-injected with the recombinant adenovirus 
Ad.RSV/?gal were minced into liquid N 2 and ground with a mortar and 
pestle. Total cellular DNA was prepared as described (10) and 10,igof 
either undigested or Hindirf-digested DNA was subjected to electropho- 
resis in a 0.8% agarose get Southern Wot analyses (Fig. 4 A) were per- 
formed using either a SaD-BamHI fragment containing LacZ from 
pGEM-nlsLacZ (6), ora fragment from the pAd-RSV/Jgal plasmid con- 
taining the RSV promoter and the upstream adenovirus sequences 
(Fig. 4 B) to screen for the presence of the recombinant adenovirus. 



I. Abbreviations used tn this paper Ad5, adenovirus type 5; DMD, 
Duchcnnc muscular dystrophy; mu, map units; pfu, plaque-forming 
units; RSV LTR, Rous sarcoma virus long terminal repeat 
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Figure 1. Generation of recombinant adenovirus, Ad.RSV/S&al, by in 
vavo recorobuiation. The recombinant adenovirus was . constructed 
through homologous recombination between ptasmid.pAd.RSV/Jgal 
and the Ad5 genome. Shown also is an enlargement of the insert. 
The adenoviral sequences are depicted by The nlslacZ gene a is 
■ controlled by (be RS V LTR a arid possesses the early mRKA pblyade- 
nylation signal from SV40 a 

Results 

Generation of the recombinant adenovirus, AdJtSV&gal. 
AdLRSV/Jgal is a recombinant adenovirus that conslilutively 
expresses 0-galaciosidase targeted to the nuclei of infected cells. 
The nJs lacZ coding sequence with the SV40 early rcgioa 3'-cnd 
processing signal and under toe control of the RSV LTR was 
inserted into Ad dl327 in place of Ela and Elb (mu 13-9.4). 
Fig; I depicts the construction of the recombinant virus. 
Plaques resulting from the transfection of 293 cells were 
screened for ^-galactosidase activity. Virus was amplified on 
293 cells. The recombinant virus is replication incompetent 
due to its deletion for the E I genes. 

Expression of the transferred gene in mice mjected as neo- 
nates. Neonatal mice were intravenously injected with the 
Ad.RSVp*gal recombinant virus, and gene transfer was assessed 
by histochemical staining for 0-galactosidase activity in various 
tissues. The extent of blue staining reveals that a substantial 
percentage of cells within different tissues are infected. Positive 
perinuclear staining was systematically observed in many or- 
gans such as lung, fiver, intestine, heart, and skeletal muscle 
(Fig. 2, A~F) of each of the four individual mice killed at 15 d 
after iv injection. 

The exciting implications of efficient gene transfer into 
myocytes led us to characterize transduction to these cells in 
particular. Gross examination of the intact heart as well as 
skeletal muscles from the experimental animals reveals the im- 
pressive efficiency of gene transfer after only a single injection 
of the recombinant adenovirus (Fig. 2, C, D, and F}. Because 
the intravenous route was used, the viral vector is not concen- 
trated in any one area of the muscle tissue, and dispersion is 
favored. Histochemical staining of muscle leads to large 
patches of blue throughout. Approximately 0.2% of cardiac 



cells have undergone gene transfer after iv injection of 10' pfu 
of virus. 

Expression of the transferred gene in both cardiac and skele- 
tal muscle was found to be remarkably stable since monthly 
killed injected animals displayed /3-galactosidase activity in 
these tissues throughout the 12-mo period of the experiment 
Importantly, gene expression was sustained, although the pro- 
portion of blue cells in these muscle tissues seemed to decrease 
after the 10th month after injection. 

Analysis of isolated fibers demonstrates the extent of dis- 
semination of the transferred gene. A single fiber can show 
multiple "centers of expression" (Fig. 3). Each consists of a 
darkly stained central nucleus surrounded by nudei forming a 
gradient of blue. These centers most probably result from inde- 
pendent local infections by the adenoviral vector. The number 
of colored nuclei in any one cluster was found to vary from 10 
to 60. The use of a nuclcarly targeted marker is informative as 
to the degree of infection of multinucleated cells of this mor- 
phology. 

Expression of the transferred gene in mice injected as 
adults. As to the distribution of the virus, results similar to 
those obtained in mice injected as newborns were found after 
intravenous inoculation of aduhs. h is apparent, however, that 
the injection of 10' pfu of virus leads to less efficient, gene 
transfer in the larger adult mice. Intramuscular injections were 
also performed and histochemical staining at 21 days after in- 
jection revealed that the infection was circumscribed to the 
point of injection, as fibers with blue nuclei could only be de- 
tected within a 1-cm area. Moreovcr,.thc absence of blue stain- 
ing in other tissues (lung, liver, intestine) reveals a very limited 
diffusion of the virus when the intramuscular route is chosen. 

Status of the viral DNA. Southern blot analysis of DNA 
from different tissues of an experimental animal indicates the 
presence of the adenovirus genome in a wide variety of organs 
(Fig. A A). The detection of a DNA fragment correspond! ng to 
the Jefl end of the recombinan t viral genome indicates that the 
viral DNA is present as a linear form in the tissues infected 10 d 
previously (Fig. 4 B). Moreover, the detection of a unique and 
intense band corresponding to 35.5 kb at 3 mo after injection 
reveals mat the viral DNA remains extrachromosomal (Fig. 5). 
The absence of a detectable smear rules out the possibility that 
integration events occurred with high frequency. Clearly, the 
sensitivity of the Southern blot does not allow a fair apprecia- 
tion of gene transfer as does the in situ detection of the /3-galac- 
tosidase activity. In this respect, it is reasonable that the estima- 
tion of a 0.2% transfer to the heart (based on staining) is com- 
patible with the difference in intensity seen with the transgenic 
mouse DNA control (which harbors one copy of a LacZ gene 
per cell) (Fig. 4 A). The incapacity to detect a band in the heart 
12 mo after injection is in agreement with the decrease in the 
number of blue cells observed at this time. 

Discussion 

Gene therapy relevant to muscular diseases is especially hin- 
dered by the unsolved problem of the direct widespread 
transfer of a gene to the related tissues. Attempts to modify 
muscle tissue nave centered around fusion of implanted myo- 
cytes with host muscle (1 1, 12) or injection of DNA (13-1*5). 
Fusion in mice of normal donor muscle precursor cells with 
host mdx myofibcrs (I I) has borne excitement leading to pre- 
liminary trials of such cell therapy in children. This approach 
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Figure J. Detailed analysis of gene transfer into skeletal muscle after iv injection of Ad.RSVpgal. Gene expression was assessed 5 mo after in- 
jection by histocbcmical staining for nuclear /5-galactosidase activity. (A) Dorsal skeletal muscle (X40); (S) isolated dorsal muscle fiber (X40). 
Arrowheads indicate two centers of expression. {D) Enlargement of boxed area in B (X2S0). A dark blue source nucleus is surrounded by nuclei 
of varying intensity of blue staining. (C) Enlargement of center of expression shown in D (X500). Arrowheads indicate source nucleus and nuclei 
of immediate vicinity. . 



may, nevertheless,, have too many drawbacks for it lo be appli- 
cable to the treatment of disease. As the migratory capacities of 
precursor cells are restricted to a few millimeters, cell implanta- 
tion would necessitate millions of injections during hours of 
anesthesia. Inevitably, immunological problems would be en- 
countered, as with any graft. Furthermore, large scale require- 
ments for human myogenic cells constitute a practical limita- 
tion. In addition, the treatment of Duchenhe muscular dys- 
trophy (DM D) not only calls for therapy for skeletal muscles, 
but for myocardial cells too. It is difficult to envisage cell ther- 
apy as a means to provide relief to such an array of diseased 
cells. 

The concept of somatic gene therapy will more than likely 
provide the most promising solution in the future. Impor- 
tantly, its scope goes beyond the treatment of muscle disease, 
since it is applicable to a large number of genetic disorders. The 



direct introduction of purified nucleic acids into various organs 
in vivo is attractive due to its simplicity, but again, practical 
obstacles may limh its development Furthermore, the resul- 
tant gene expression in muscle remains localized to the point of 
injection of DNA (13) and seems to be quite limited in dura- 
tion, particularly in caidiac muscle (14). fatcrcstingty, another 
organs tested proved to be nonreccptivc to DNA transfection. 
Thus, a method allowing a more widespread distribution of 
stable gene expression would be of invaluable importance to 
gene therapy in general. 

The present report demonstrating me feasibility of adeno vi- 
rus-mediated direct in vivo gene transfer into myocytes of mice 
has serious implications for treatment of muscular disorders, 
including heart diseases. The proportion of skeletal and myo- 
cardial cells expressing the transferred gene is more in keeping 
with that probably required for a reversal of disease state. It is 
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Figure 4. Southern blot 
analyses. All lanes con- 
tain iOfigofHindlU- 
digested tissue DNA hy- 
bridized either with a 
Lac Z probe (A) or with 
a probe specific for the 
left end of the recombi- 
nant virus (By Tm 
corresponds to the DNA 
of a transgenic mouse 
which contains one 
copy/cell of a Lac Z 
• gene. DNA. from the 
heart (//), liver (/iv), 
skeletal musde (AO, 
and lung (££) ofa 
mouse killed at 10 d 
after injection were analyzed. H28 corresponds to heart DNA from a 
mouse killed 12 mo pi Size markers (MW) are shown in kilobase- 
pairs in the right margin. 

expected that the percentage of recipient cells be a function of 
the quantity of injected virus per animal weight. The possibility 
to" obtain very high titers of adenovirus makes it conceivable to 
increase the input of virus for larger animals. The remarkable 
stability of expression observed (at least 12 moX notwithstand- 
ing the extiachromosorrial state of the vector, would be of safe 
therapeutic value. 

An important distribution of the putative therapeutic DNA . 
is a prerequisite for the treatment of muscular diseases like 
DMD. This can clearly be achieved when a recombinant adeno- 
virus is administered intravenously since in this case dispersion 
of the vector occurs throughout the animal. In contrast, the 
direct intramuscular injection of a recombinant adenovirus 
can only lead to a localized gene transfer. It is noteworthy that 
gene transfer is successful not only in neonatal animals, but 
also in adults (albeit, to a lesser extent), thus opening the route 
to gene therapy of diseases clinically diagnosed later in life. 

. Importantly, adenovirus can carry tissue-specific pro- 
moters, consequently restricting the actual sites of expression 
of the exogenous gene ( 16, 17). Moreover, the important clon- 
ing capacity of th c adenovirus vector makes realistic and prom- 
ising the construction of a recombinant adenovirus harboring 
the dystrophin gene. The recent report showing that expression 
of dystrophin can correct one of the effects of dystrophin defi- 
ciency (15), can only stress the urgency of an adapted vector. 
Taken together, the potentials of adenovirus along with its 
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Figure 5. Southern blot 
analysis. Lane J, 10 Mg 
of undigested tissue 
DNA prepared from, a 



10 f>g of tii 
sue DNA prepared from 
the heart of an experi- 
mental mouse injected 
intravenously 3 mo prc- 



(Lambda/Hindlll) are 
shown in Idlobasepairs 
in the left margin, and 

arrows in the right margin indicate loading wells and adenovirus size 



proven capacities, render this virus a most interesting gene de- 
livery system for the treatment of the important hereditary hu- 
man disease, DMD. The construction of an adenovirus harbor- 
ing the dystrophin cDNA is now in progress in the laboratory. 
If such a virus is to be used in humans, safety aspects should be 
addressed concerning viral dissemination in the local environ- 
ment. In this regard, it is noteworthy that no A<LRSV0gal virus 
could be detected in urine and fecal matter after intravenous 
inoculation of the recombinant adenovirus even though a nu- 
clear Lac Z expression could be detected not only in the 
smooth muscle of the intestine (Fig. 2 E), but also occasionally 
in a few epitheliai cells of this organ (data not shown). 
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Gene Injection Into Canine Myocardium as a 
Useful Model for Studying Gene Expression 
in the Heart of Large Mammals 



Riidiger von Harsdorf, Robert J. Schott, You-Tang Shen, Stephen F. Vatner, 
Vijak Mahdavi, and Bernardo Nadal-Ginard 



We have investigated the regulated expression of genes injected into the heart of large mammals in situ. 
Reporter constructs using the chloramphenicol acetyltransferase gene under the control of muscle-specific 
p-myosin heavy chain (/3-MHC) or promiscuous (mouse sarcoma virus) promoters were injected into the 
canine myocardium. There was a linear dose-response relation between the level of gene expression and 
the quantity of plasmid DNA injected between 10 and 200 /tg per injection site. The level of reporter gene 
expression did not correlate with the amount of injury imposed on the cardiac tissue. There was no 
regional variation in expression of injected reporter genes throughout the left ventricular wall. By use of 
both the mouse sarcoma virus and a muscle-specific 0-MHC promoter, reporter gene expression was one 
to two orders of magnitude greater in the heart than in skeletal muscle. Expression in the left ventricle 
was threefold higher than in the right ventricle. Chloramphenicol acetyltransferase activity was detected 
at 3, 7, 14, and 21 days after injection, with maximal expression at 7 days after injection. Statistical 
analysis of coinjection experiments revealed that coinjection of a second gene construct (Rous sarcoma 
virus-luciferase) is useful in the control of transfection efficiency in vivo. Furthermore, using reporter 
constructs containing serial deletions of the 5' flanking region of the /J-MHC gene, we performed a series 
of experiments that demonstrate the utility of this model in mapping promoter regions and identifying 
important regulatory gene sequences in vivo. Thus, gene injection into canine myocardium has proven to 
be a powerful tool in the study of regulated gene expression in large mammals in vivo, with the potential 
of providing useful clues about the regulation of gene expression prevailing in human myocardium. 
(Circulation Research 1993;72:688-695) 

Keywords • in vivo gene transfer • large mammals • canine myocardium • /3-myosm heavy 
chain • in vivo promoter mapping 



Until recently, regulated gene expression in vivo 
has been studied by using transfection assays 
of cultured cells 1 - 5 and/or by creating trans- 
genic animals. 6 - 7 Particularly in the case of terminally 
differentiated cells, such as the cardiac myocytes, the 
use of cultured cells has been hampered by low trans- 
fection efficiencies and the difficulty in reproducibly 
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obtaining sufficient quantities of primary cells when 
phenotypically suitable established cell lines are not 
available. These problems are further accentuated in 
the study of genes expressed in the myocardium. In- 
deed, even in the best of cases, the interpretation and 
physiological significance of the results is weakened by 
the fact that the cells are not embedded in their natural 
environment. These reasons and the paucity of infor- 
mation available on cardiac gene regulation has stimu- 
lated the search for alternative approaches. 

Introduction of exogenous DNA into germ cells and 
the creation of transgenic animals has greatly improved 
the study of gene regulation in a physiologically mean- 
ingful environment, as well as during development and 
organ differentiation, 6 but for practical purposes, this 
approach is limited to small mammals, the mouse in 
particular, because of the significant effort and costs 
related to the creation of transgene carriers and the fact 
that the vast majority of genetic knowledge in mammals 
originates from the mouse. Thus, the recent demonstra- 
tion of gene transfer in vivo by simple injection of pure 
plasmid DNA into skeletal muscle of living mice 8 was a 
significant development that provided a convenient ap- 
proach in the study of gene regulation and combined 
many of the advantages of the in vitro transfections and 
the transgenic models for short-term analyses. Varia- 
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tions of this principle for in vivo gene transfer have been 
used to deliver recombinant DNA 9 " 11 or in vitro genet- 
ically altered smooth muscle cells 12 - 13 to vascular endo- 
thelium via catheter, resulting in low levels of gene 
expression. In addition, this model of gene transfer in 
vivo offers a potential route for gene therapy in human 
disease. 14 

The potential to take up and express naked DNA 
introduced by simple injection is not limited to skeletal 
muscle. In the recent past, several laboratories have 
demonstrated the expression of naked recombinant 
DNA injected into the rat heart. 15 - 18 In this model, 
expression of the injected genes, as determined by 
histochemistry, appears to be localized around the 
injection channel, 1516 with a small number of cells 
actually expressing the gene product. 17 The transfection 
efficiency appears to be higher with closed circular than 
with linear plasmid DNA. 15 Southern blot analysis of 
DNA obtained from skeletal muscle of mice injected 
with plasmid DNA provided the first evidence of the 
episomal localization of the gene construct. 8 

Rodents differ substantially in their cardiovascular 
physiology and pathophysiology from humans in the 
rate of metabolism, as reflected in the heart rate, in the 
pattern of cardiac contractile isoforms, 19 - 20 and in the 
induction of isoform switches during development and 
hypertrophy. 21 - 22 Moreover, although small mammals 
have been the model of choice for genetic and molecu- 
lar analyses, large mammals, particularly the dog, have 
been the model of choice for physiological studies, 
especially when a large heart is necessary for the 
analysis of cardiac performance. These facts, together 
with the closer similarities between canine and human 
cardiac physiology, make this species the animal of 
choice for the analysis of gene regulation under exper- 
imental conditions that are physiologically meaningful 
and that could provide relevant insights into expression 
patterns prevailing in humans. 

For all these reasons, we have developed a method- 
ology to study gene expression in large mammals by 
injection of plasmid DNA into canine myocardium. Our 
data, which show that the predominant isoform of 
contractile proteins in the canine myocardium is, as in 
humans, the /3-myosin heavy chain (/3-MHC), further 
support the use of this model for studies relevant to 
human cardiovascular biology. Several important pa- 
rameters relevant to the expression of injected gene 
constructs in this model have been characterized. The 
results demonstrate that the canine myocardium is an 
j excellent receptor for injected genes and provides an 
ideal system for the analysis of gene expression in vivo 
under carefully monitored physiological conditions. 

Material and Methods 

Plasmids 

MSV-CAT was created by fusing the coding sequence 
of the chloramphenicol acetyltransferase (CAT) gene 23 
to the long terminal repeat of the mouse sarcoma virus 
(MSV). Rous sarcoma virus (RSV)-luciferase was de- 
scribed previously 24 The series of deletions of the 5' 
flanking region of the /3-MHC included the -3,300rj8- 
MHC-CAT, -667r/3-MHC-CAT, -354r/S-MHC-CAT, 
and -215r/3-MHC constructs, which are genomic frag- 
ments of the rat 0-MHC (rj8-MHC) gene from -3,300, 



-667, -354, -215, and -186 base pairs (bp) to +38 bp 
relative, to the transcriptional start site cloned in front of 
the CAT gene. 25 Position -607 to +32 of the rat 
or-myosin heavy chain (ra-MHC) promoter sequence 
linked to the CAT gene is termed -607ra-MHC-CAT. 26 
Nucleotide sequence -256 to +500 of the 5' flanking 
sequence of the rat apolipoprbtein A-I (ApoAI) fused to 
the CAT gene is termed -256ApoAI-CAT. 27 

Animal Preparation and Injection of Plasmid DNA 

Fourteen adult mongrel dogs of either sex weighing 
between 20 and 26 kg were used for these experiments. 
Dogs were premedicated with xylazine (10 mg/kg i.m.), 
and general anesthesia was induced with thiamylal 
(10-20 mg/kg i.v.) and maintained with halothane (0.5- 
1.5% [vol]). Sterile technique was used, and the peri- 
cardium was exposed through a lateral thoracotomy at 
the fifth intercostal space. The pericardium was opened, 
and the heart was anchored with a suture through the 
apex. Up to thirty 4 -mm 2 patches of Dacron were sewn 
to the epicardium to mark injection sites. After place- 
ment of the patches, circular plasmid DNA resuspended 
in lx phosphate-buffered saline Was injected through a 
30-gauge needle inserted perpendicular to the epicar- 
dium. The incision was closed in layers, and the chest 
was evacuated. The animals were observed during re- 
covery until fully conscious. Animals used in this study 
were maintained in accordance with the guidelines of 
the Committee on Animals of the Harvard Medical 
School and the "Guide for the Care and Use of Labo- 
ratory Animals" (Department of Health and Human 
Services, publication No. [NIH] 86-23). 

Tissue Preparation 

After 7 days, the animals were killed with an overdose 
of pentobarbital, and the heart was rapidly excised and 
placed in ice-cold saline. The labeled injection sites 
were excised as transmural blocks of myocardium, 
weighing 0.5-1.0 g, and immediately placed in liquid 
nitrogen. Tissue was stored at -80°C until further 
processing. Immediately before the CAT assay, tissue 
was homogenized in 1 ml homogenization buffer con- 
taining (mM) glycyl-gh/cine 25 (pH 7.8), MgSO, 15, 
EGTA 4 (pH 8.0), and dithiothreitol 1, as described 
previously. 18 The suspension was centrifuged at 6,000g 
for 15 minutes at 4°C, and the supernatant was used for 
further analysis. The supernatant was normalized for 
protein content as determined by the Bradford assay 
(Bio-Rad Laboratories, Richmond, Calif.) by the appro- 
priate dilution with homogenization buffer. 

CAT Assays 

CAT assays were performed as previously de- 
scribed. 28 In brief, 10% of the supernatant normalized 
for protein content, 1 p\ M C-labeled chloramphenicol 
(0.25 mCi), and 5 /il /j-buturyl coenzyme A (5 mg/ml) 
were mixed and filled to a total volume of 125 /tl with 
250 mM Tris-HCl, pH. 8.0. The reaction mixture was 
incubated at 37°C for 2 hours, which was in the linear 
range of the reaction. The acetylated chloramphenicol 
fraction of the suspension was extracted by adding 300 
lii xylene. Suspensions were back-extracted twice with 
250 mM Tris-HCl, pH 8.0. Aliquots of 200 /J were 
counted in scintillation fluid in a beta counter (model 
LS 6000IC, Beckman Instruments). 
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Luciferase Assay 

Luciferase assays were performed as described else- 
where. 29 In summary, 10% of the supernatant normal- 
ized for protein content was brought to a volume of 100 
fd with homogenization buffer (see "Tissue Prepara- 
tion") and mixed with 360 fil reaction buffer containing 
(mM) glycyl-glycine 25 (pH .7.8), MgS0 4 15, EGTA 4 
(pH 8.0), dithiothreitol 1, KP0 4 15 (pH 7.8), and ATP 
2, along with 0.3% Triton X-100. Light emission was 
measured in a monolight luminometer (1251 luminom- 
eter, LKE Wallac, Turqu, Finland) immediately after 
the addition of 0.2 mM D-luciferin to the reaction 
mixture. Light units are expressed as the integral of 
activity measured over 20 seconds. Only values within 
the linear range were included for analysis. 

Data Analysis 

All data are reported as mean±SEM. For statistical 
comparisons of CAT activity across time and regionally 
within the left ventricle, analysis of variance (ANOVA) 
was used. ANOVA was also used for promoter compar- 
isons and comparison of injection techniques. When 
significant, intergroup comparisons were performed by 
unpaired t tests with the Bonferroni adjustment. Linear 
regression analysis was used to examine the correlation 
between CAT and luciferase activities in the cotransfec- 
tion experiments. All analyses were performed on a 
Macintosh computer using statview ii (Abacus Con- 
cepts Inc., Berkeley, Calif.) with p<0.05 considered 
significant. 

Results 

Expression of Gene Constructs Injected Into the 
Myocardium Follows Dose-Response Kinetics 

To determine the efficiency and kinetics of expression 
of DNA injected into canine myocardium, we injected a 
constant volume of 200 fil containing increasing 
amounts of MSV-CAT plasmid DNA ranging from 10 to 
300 fig per injection site into one dog heart. As depicted 
in Figure 1, an amount as little as 10 fig DNA resulted 
in a CAT signal nearly 10 times the background signal. 
In the range of 10-200 fig, the dbse-CAT activity 
relation appeared linear (v=0.2x+10.8; r 2 =0.54). 
Higher amounts of total DNA resulted in a plateau, 
reflecting a saturation kinetic of DNA uptake, transcrip- 
tion, or both. These results indicate that the canine 
myocardium has a large capacity for uptake of injected 
DNA over a very broad Tange of concentrations. How- 
ever, the slope of the curve clearly indicates that the 
efficiency of expression is the highest at the lower 
concentrations. The reasons for this behavior are not 
known at this time. However, this finding stresses the 
requirement for internal standards when the efficiency 
of expression between different constructs and/or 
amounts of injected DNA are to be compared. 

Amount of Injury Imposed on Injection Site Does Not 
Correlate With the Level of Gene Expression 

Three different injection techniques were compared 
in one experiment to analyze the impact of injection- 
induced injury on the cardiac tissue and its relevance for 
the level of expression of the injected reporter gene 
constructs. Because it could be argued that the results 
presented here represent uptake by nonmyocyte cells 




10jig 20ng 50fig 100ng 150ng 200ng 300ng 
Total DNA/Injection Site 
FIGURE 1. Dose-response relation between amount of in- 
jected DNA and chloramphenicol acetyltransferase (CAT) 
activity. Scatterplot of CAT activity per injection site versus 
total amount of DNA (mouse sarcoma virus-CAT) per 
injection site is shown. Different concentrations of DNA were 
injected in d constant volume of 200 fd. The correlation 
equation for the concentrations between 10 and 200 ug is 
y=0.2x+10.8; i 2 =0.54. Means (±SEM) are shown as solid 
squares (n=4 for each dose). 

and therefore are not meaningful for the study of 
cardiac muscle biology, we tested a reporter construct 
whose expression is restricted to muscle cells. Although, 
to date, there has been no published report identifying 
the pattern of myosin heavy chain expression in the 
canine myocardium, our RNA blot analysis indicates 
that, like in other large mammals, the normal adult 
isoform is /J-MHC, with a low level of a-MHC (data not 
shown). For this reason, we chose to use previously 
characterized 0-MHC promoter constructs for this anal- 
ysis. 25 In the first group, 200 ^1 of -667rj8-MHC-CAT 
plasmid DNA solution were injected via one single 
injection. In the second group, 50 ftl of the same 
concentration of DNA was injected four times per 
injection site. To account for differences in the distri- 
bution of the DNA solution in the tissue between those 
two groups, a third group was included in which 200 fil 
of the DNA solution containing the same amount of 
total DNA as the other two groups were injected viaone 
injection, and three additional stabs with the needle 
(but without injection of DNA) were performed around 
the actual injection site. As depicted in Figure 2, there 
were no statistical differences in CAT activity between 
any of these groups (ANOVA, /»0.05). However, be- 
cause of the apparent trend of higher expression in the 
group with 5O71I DNA injected four times and because 
of a lower standard deviation in this group, we used this 
injection technique for subsequent experiments. 

Promiscuous and Tissue-Specific Reporter Gene 
Constructs Are Expressed Over Extended 
Periods of Time 

To evaluate the stability and peak of the expression of 
injected recombinant gene constructs in canine myocar- 
dium, we killed animals at four different time points 
(days 3, 7, 14, and 21 after injection). Multiple injections 
of CAT gene constructs using either promiscuous 
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FIGURE 2., Bar graph comparing three different injection 
techniques. rB-MHC, rat B-myosin heavy chain; CAT, chlor- 
amphenicol acetyltransferase. A total amount of 50 fig of 
—667rB-MHC-CAT was injected in each group. Values are 
mean±SEM (n=70 for each group). 

(MSV) or muscle-specific (-667r/3-MHC) promoters 
were performed (Figure 3). ANOVA for CAT activity 
within the MSV and -667r0-MHC promoters was 
significant (p<0.01 for the MSV and -667r0-MHC 
constructs). The overall temporal pattern of expression 
of the exogenous genes was similar between promiscu- 
ous and tissue-specific promoter constructs, with CAT 
activity already well detectable 3 days after injection, a 
peak at day 7, and a subsequent decline in CAT activity 
throughout day 21 (/?<0.01 for MSV and /xO.OOOl for 
-667rj8-MHC by unpaired t test). This pattern of 
expression at the protein level is likely to be an overes- 
timate of duration of expression of the injected DNA 
because of the long half-life of the CAT protein, which 
is more than 50 hours in most cell types. 30 Therefore, 
the levels of expression shown in Figure 2 not only 
reflect the activity of the driving promoter but also 
reflect phenomena beyond the transcriptional level, e.g., 
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Figure 3. Bar graph showing time course of expression of 
injected gene constructs. CAT, chloramphenicol acetyhrans- 
ferase; rB-MHC, rat B-myosin heavy chain. CAT activity 
versus days after injection for promiscuous (mouse sarcoma 
virus, solid bars) and muscle-specific \-667rB-MHC, 
hatched bars) promoters driving the CAT reporter gene (com- 
pared with day 7, *p<0.01 for mouse sarcoma virus and 
*p<0.0001for -667rB-MHC by unpaired t test). Values are 
mean±SEM (n=5 for each time point). 



the half-life of the expressed protein as well as that of 
the injected episomal DNA. 

Reporter Gene Constructs Are Evenly Expressed 
Throughout the Left Ventricular Wall 

Since it was the purpose of our study to establish a 
practical model to compare the regulation of different 
recombinant gene constructs within the same animal by 
injecting at numerous sites into the canine myocardium, 
we compared the expression of a given construct at 
different locations throughout the myocardium. To ac- 
count for regional differences in uptake and/or expres- 
sion of foreign DNA by the car diocytes, we injected the 
muscle-specific construct -667r/3-MHC-CAT in 24 dif- 
ferent sites of the left ventricle as depicted in Figure 4. 
There were no detectable regional differences in CAT 
expression (ANOVA, /?>0.05); however, because of the 
apparent trend toward decreased expression at the ex- 
treme base and apex of the left ventricle, we elected hot 
to inject at those locations for subsequent experiments. 

CAT Activity Is Approximately Threefold Higher in 
the Left Than in the Right Ventricle 

One of the advantages of the canine versus the rodent 
model is the possibility to perform multiple injections 
also into the right ventricle. As shown in Figure 5, the 
expression of promiscuous as well as tissue-specific 
promoter constructs was found to be a third that 
observed in the left ventricle. This phenomenon could 
be based on the difference in wall thickness, with a 
smaller number of cells being transfected along the 
injection tract in the right ventricle. Alternatively, this 
may reflect a higher chance of leakage of injected DNA 
into the myocardial cavity during injections into the 
right ventricle. 

The Heart Expresses Injected Reporter Gene 
Constructs One to Two Orders of Magnitude 
Higher Than Does the Skeletal Muscle 

To compare the lever of expression of injected gene 
constructs in the canine heart with other organs and 
possibly detect organ-related differences in the expres- 
sion of exogenous genes, we performed injections of the 
promiscuous MSV-CAT and the muscle-specific 
0-MHC-CAT constructs into the quadriceps, a skeletal 
muscle of mixed fiber types. The values in Figure 5 are 
expressed as percentage of the expression of the accord- 
ing construct in the left ventricle. The expression of 
both , the muscle-specific and promiscuous promoter 
constructs was, respectively, approximately one and two 
orders of magnitude lower in the skeletal muscle than in 
the left ventricle. As demonstrated before on mRNA 
levels in the rat, the /3-MHC is most abundant in the 
soleus, a skeletal slow-twitch muscle, and also in the 
cardiac ventricle in hypothyroid animals. 31 Thus, the low 
level of expression of the /SrMHC promoter construct 
may be due to the fact that we injected the DNA into a 
mixed-fiber muscle, in which the j8-MHC protein is 
much less abundant than it is in slow-twitch fiber 
muscle. The reason for the lower expression of the 
promiscuous construct in the skeletal muscle compared 
with the heart is unknown. 
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FIGURE 4. Bar graphs showing regional ex- 
pression pattern of injected gene constructs 
throughout the left ventricular wall r/3-MHQ 
rat p-myosin heavy chain; CAT, chloram- 
phenicol acetyltransferase; A, anterior; AL, 
anterolateral; L, lateral; P, posterior. Twenty- 
four injections of -667rp-MHC-CAT were 
performed with four columns around the left 
ventricle, each comprising six injection sites 
ranging from base to apex (see drawing). 
Mean±SEM values of each column are 
shown in the left panel (n=6). Mean±SEM 
values of each row are shown in the right 
panel (n=4). 



Coinjection of a Control Gene Construct 
(RSV-Luciferase) Has Proven Useful in Monitoring 
the Transection Efficiency in This Model 

Cotransfection is used to control for transfection 
efficiency in vitro, and it has also been used in vivo, 18 - 32 
but its usefulness in in vivo experiments has not been 
evaluated before. This is particularly important since, in 
contrast to cell culture studies, the transfected cell pool 
consists of a heterogeneous cell population, which may 
express the two gene constructs in a diverse pattern, 
rendering the coinjection useless. Two representative 
experiments were analyzed for correlation of CAT 
versus luciferase expression in this model, as depicted in 
Figure 6. In one experiment, the muscle-specific 
— 667r/3-MHC-CAT construct was coinjected with the 
RSV-luciferase gene (Figure 6A). The long terminal 
repeat (LTR) of RSV (RSV-LTR) functions as a rela- 
tive promiscuous promoter as determined previously, 




MSV-CAT -667 rat pMHC-CAT 
FIGURE 5. Bar graph showing expression of promiscuous 
(mouse sarcoma virus [MSVJ) or muscle-specific (-667 rat 
p-myosin heavy chain [-667 rat pMHCJ) promoter con- 
structs in the right ventricle (RV) and in skeletal muscle 
(Sk.M.). CAT, chloramphenicol acetyltransferase. Values 
(mean±SEM) are depicted as percent of expression of the 
same construct in the left ventricle (LV, 100%, solid bars). 
Open barisRV (n=10 for MSV, n=8for -667 rat pMHC). 
Hatched bar is skeletal muscle (n =10 for MSV, n=9for -667 
rat pMHC). 



where transgenes directed by the RSV-LTR were highly 
expressed in tissue of mesodermal origin. 33 - 34 The cor- 
relation between CAT and luciferase activity was sig- 
nificant (r 2 =0.8, slope=0.8±0.2, /><0.01). When two 
promiscuous promoter constructs (MSV-CAT and 
RSV-luciferase) were coinjected (Figure 6B), the linear 
regression analysis of CAT activity versus luciferase 
activity revealed an r 2 of 0.9, with a slope of 3.5+0.6 
(p<0.005, n=6). This indicates that cotransfection is 
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Figure 6. Correlation of chloramphenicol acetyltrans- 
ferase (CAT) to luciferase activity in coinjection experiments. 
T667-CAT, -667 rat p-myosin heavy chain-CAT; t MSV- 
CAT, mouse sarcoma virus-CAT. Scatterplots of CAT activ- 
ity (counts per minute) versus luciferase activity (light units) 
are shown. One hundred micrograms of a tissue-specific 
(r667-CAT, closed circles, top panel) or a promiscuous (MSV- 
CAT, open circles, bottom panel) reporter gene construct was 
coinjected with 20 fig control gene construct (Rous sarcoma 
virus-ktciferase). The regression functions are as indicated 




meaningful and necessary to account for transfection 
efficiency in vivo; therefore, differences in expression of 
gene constructs may be attributed to differences in the 
regulation of expression of these constructs as long as 
values are normalized for the activity of the cotrans- 
fected gene. This analysis also reveals the feasibility of 
coinjecting a tissue-specific promoter construct with a 
promiscuous promoter construct to control for transfec- 
tion efficiency. 

Injection of Reporter Gene Constructs Into Canine 
Myocardium as a Useful Method to Detect 
Regulatory Gene Sequences In Vivo 

After characterization of many important parameters 
relevant for the regulated expression of injected re- 
porter gene constructs, we addressed the question of the 
feasibility of this model for mapping promoter se- 
quences and thus identifying regulatory gene sequences 
in vivo. Constructs using serial deletions of the 5' 
flanking region of the /3-MHC gene cloned in front of 
the CAT reporter gene were used (Figure 7). As a 
■- negative control, we used a construct containing the 
nucleotide sequence -256 to +397 relative to the 
transcription start site of the ApoAI gene, which has 
been shown to be expressed in hepatocytes specifical- 
ly. 2 ? Activity of the different 0-MHC constructs was 
compared by ANOVA (/>=0.00i). All six possible pair- 
wise comparisons were made and found to be significant 
(i><0.005), except -354r/3-MHC versus -215r/3-MHC. 
The most active construct was the - 667r0-MHC-CAT 
reporter gene construct The marked difference in ac- 
tivity compared with the other /3-MHC-CAT constructs 
agrees with the presence of a positive regulatory ele- 
ment between positions -667 and -354 relative to the 
transcription start site. Further deletion of the 0-MHC 
gene promoter to position -186 relative to the tran- 
scription start site (-186r0-MHC-CAT) resulted in a 
sharp decline of the CAT activity to a level that was 
barely above that of the negative control construct 
(— 256ApoAI-CAT), indicating another positive regula- 
tory element important for basal transcription between 
positions -215 and -186 relative to the transcription 
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FIGURE 7. Bar graph mapping the 5' flanking 
region of the fi-myosin heavy chain (@-MHC) 
gene in vivo. CAT, chloramphenicol acetyltrans- 
f erase; MSV, mouse sarcoma virus; Apo Al, 
apolipoprotein A-I; a-MHQ a-myosin heavy 
chain. A series of deletions of the upstream 
region of the rat 0-MHC gene ranging from 
—3,300 to —186 relative to the transcription start 
site were cloned in front of the CAT gene and 
injected into the canine myocardium. For com- 
parison -607 rat a-MHC-CAT and -256 Apo 
Al-CAT were also injected Reporter gene con- 
struct (100 fig) was coinjected with 20 /jg control 
gene construct (Rous sarcoma virus-luciferase). 
CAT activity was corrected for luciferase activity 
and is expressed in percentage of MSV-CAT. 
Open bars are p-MHC-CAT constructs (n=6- 
10). Hatched bar is the a-MHC-CAT construct 
(n=10). Solid bar is the Apo Al-CAT construct 
(n=10). See text for statistical analysis. 

start site. A repressor element may be located further 
upstream, as implied by the drop of activity of the 
— 3,300r/S-MHC-CAT construct to approximately one 
fourth of the activity of the -354 and -215r)3-MHC- 
CAT constructs. The -607ra-MHC-CAT construct, 
which is the most active tissue-specific construct in rat 
cardiocytes as demonstrated by transfection assays of 
primary cell cultures, 35 was approximately sixfold less 
active than the -667r/3-MHC-CAT. This result was 
expected, given the relative level of endogenous /3- and 
a-MHC mRNA expressed in large mammals versus 
small mammals. 

Taken together, our observations demonstrate that 
direct DNA injection into the canine myocardium is a 
practical and efficient method to study gene regulation 
in the intact animal. 

Discussion 

Our study indicates the feasibUity of investigating the 
regulated expression of injected gene constructs in vivo 
in the heart of large mammals, specifically the canine 
myocardium. We demonstrate that pure plasmid DNA 
can be injected into the myocardial wall of dogs without 
any side effects. Electrographic monitoring and intraar- 
terial blood pressure measurements performed postop- 
eratively over several subsequent days in a number of 
dogs revealed only transient tachyarrhythmias in the 
first 1-2 hours after surgery, but otherwise no cardiac 
malfunction due to the injection procedure was de- 
tected. The efficiency of expression of gene constructs 
injected into canine myocardium compares favorably 
with other transfection methods. 

In the first series of experiments, we defined param- 
eters important for direct injection of reporter gene 
constructs into the canine myocardium. We show that 
expression of injected gene constructs is dose depen- 
dent and has features of a saturation kinetic at doses 
above 200 pg per injection site. To some extent, this has 
been demonstrated before in the skeletal muscle of 
mice by injecting three different doses of plasmid DNA 
ranging from 10 to 100 /ag, 8 although no saturation, 
kinetics were demonstrated. 
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The analysis of the time course of the expression of 
gene constructs in our model revealed a pattern similar 
to Other investigations, 8 - 15 although these other studies 
were performed in rodents. The reason for the decline 
in the level of gene expression after 7 days is not known, 
but Acsadi et al 17 have suggested that injected plasmid 
DNA remains episomal and that the DNA itself is lost 
with time because of rapid degradation. One also might 
speculate that cells harboring the CAT gene product 
might be eliminated by immunological processes. This 
hypothesis is favored by recent experiments conducted 
on nude (immunosuppressed) rats, which showed a 
prolonged expression of an injected luciferase construct 
compared with normal rats. 17 Data obtained from trans- 
genic animals also indicate that the expression of the 
transgene may induce immunological responses. 36 How- 
ever, other reports were able to demonstrate a rather 
long-lasting gene expression of 19 months in rodents 
after in vivo gene transfer into skeletal muscle 37 and of 
60 days after injection into rat hearts. 15 

The local pattern of exogenous gene expression has 
not been addressed before because of the small size of 
the species investigated. In the present study, we find no 
regional differences in expression for a muscle-specific 
promoter construct throughout the left ventricular wall. 
This renders the canine model suitable for comparison 
of different injected gene constructs within one animal, 
thus reducing the interindividual variability, whereas a 
large pool of animals is required in studies undertaken 
on rodents to gain statistical significance. 38 In contrast, 
we observed a reduction of expression in the right 
ventricle to approximately one third of the left ventricle, 
which is probably related to the differences in wall 
thickness and thus the number of cells, which can be 
transfected along the needle tract. . 

The histological distribution of cell transfection has 
been addressed in several reports either by analysis of 
expression in different areas around the injection site 15 
or by use of constructs containing the coding sequence 
of the Escherichia coli lacZ gene. 1617 Apparently only 
cells in the direct vicinity of the needle tract are 
transfected. This observation raised the question about 
the mechanism of DNA uptake in this model, since the 
localization around the needle tract favors the hypoth- 
esis of DNA uptake through leaking cell membranes 
induced by injury. However, our data reported here do 
not favor this hypothesis. The comparison of three 
different injection techniques with different degrees of 
injury imposed on the cardiac tissue did not reveal a 
positive correlation between the degree of injury and 
DNA uptake or expression. Since the expression pat- 
tern of injected reporter gene constructs seems to 
display tissue-specific gene regulation mechanisms (Fig- 
ure 7), it is unlikely that macrophages, chemotacticalh/ 
attracted to the injection site and supposedly able to 
incorporate DNA molecules by phagocytosis, contribute 
significantly to the expression of the injected reporter 
gene constructs. However, the exact mechanism of 
uptake of injected DNA remains elusive. It has been 
reported elsewhere that administration of DNA 
through multiple injections decreased the expression or 
uptake pf the injected gene constructs. 38 Since this 
observation is not in agreement with our results, further 
studies have to be undertaken to elucidate the mecha- 



nism of uptake of exogenous DNA constructs into 
mammalian cells in vivo. 

Both, promiscuous and muscle-specific promoter con- 
structs demonstrated a much lower level of expression 
in the skeletal muscle than in the heart. This observa- 
tion is consistent with another report in which the 
promiscuous RSV-CAT, used for coinjection, was ex- 
pressed approximately 20 -fold less in skeletal muscle 
than in the heart of rats. 18 The reason for this difference 
in expression is not known and is the subject of specu- 
lation. The marked difference in expression of the 
promiscuous MSV-CAT promoter construct between 
cardiac and skeletal muscle is surprising if one bears in 
mind the generally known high level of expression of 
this construct in transfection assays of all cell types 
studied so far. In contrast to cells in culture, which do 
not underlie physiological control mechanisms, the ex- 
pression of injected plasmid DNA in our model might 
reflect differences between certain organs, regarding 
the prevailing physiological regulation pattern. The 
rhythmical contraction of the heart with the concomi- 
tant alteration of the myocardial wall stress or other 
regional differences in the neurohormonal regulation of 
organ function might account for the observed difference 
of expression of both constructs in vivo. The differences 
in the structure of the tubule system between cardiac and 
skeletal muscle cells might be related to a different 
efficiency of DNA uptake between these two cell types. 
As for the /3-MHC reporter construct, it also may reflect 
the difference in abundance of the £-MHC protein 
between cardiac and mixed fiber muscle as has been 
shown before. 31 However, more work will be required to 
uncover the basis for this phenomenon. 

Although coinjection of a second gene construct to 
account for transfection efficiency, thereby reducing the 
variability inherent in transfection assays of cell cul- 
tures, is very common, its usefulness in in vivo gene 
transfer experiments has not been analyzed before. Our 
results indicate a high degree of correlation between 
expression of both injected genes, independent of the 
tissue specificity of the driving promoter. Thus, cotrans- 
fection in this model has proven to be useful. 

To assess the usefulness of direct injection of DNA 
into canine myocardium to identify regulatory gene 
sequences important for in vivo expression (promoter 
mapping), we injected constructs containing a series of 
deletions of the 5' flanking region of the /5-MHC gene. 
Our data are in general agreement with results obtained 
from transfection assays of skeletal and cardiac muscle 
cells. 25 Notably, the -667r/3-MHC-CAT construct 
seems to be more active in the heart than in skeletal 
muscle cells, as one can see by comparing the relative 
activity of the -667 with the -354 and the -215r0- 
MHG-CAT construct in the heart and in transfected 
skeletal muscle cells. 25 The reason for this observation 
is unknown, but it might reflect the existence of a 
positive regulatory element between nucleotide posi- 
tions -667 and -354, which is recognized specifically in 
cardiocytes and acts cooperatively with other positive 
regulatory elements further downstream from the 
/3-MHC gene promoter, one of which may be located 
between positions -215 and -186 relative to the tran- 
scription start site, as indicated by the marked drop of 
CAT activity induced by deletion of this sequence. This 
is in agreement with studies performed on cell cultures, 
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in which this same sequence has been found to be 
important for the basal activity of the /3-MHC promoter 
in S0I8 myotubes. 25 In general, these findings prove the 
usefulness of this method in the identification of regu- 
latory gene sequences in vivo and possibly their impor- 
tance in the induction of pathophysiological conditions. 

In summary, injection of recombinant gene constructs 
into canine myocardium appears to be a practical and 
efficient model for studying the regulated gene expres- 
sion in the heart of large mammals. It allows for better 
extrapolation to humans than methods using small 
mammals, as have been done so far for this type of 
analyses. Furthermore, this model holds promise to 
serve as a tool to manipulate the cardiac phenotype. 
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Direct In Vivo Gene Transfer Into 
Porcine Myocardium Using 
Replication-Deficient Adenoviral Vectors 

Brent A. French, PhD; Wojciech Mazur, MD; Robert S. Geske, BA; Roberto Bolli, MD 



Background Efficient methods of introducing genes into 
myocardial cells must be developed before local somatic cell 
gene therapy can be implemented against myocardial disease. 
Although adenoviral (Ad5) vectors have been used to target 
rodent hearts and plasmid DNA has been directly injected into 
the myocardium of rats and dogs, the amounts of recombinant 
protein produced by these procedures have not been reported, 
and adenoviral vectors have not been used in large mammalian 

Methods and Results Replication-deficient recombinant ad- 
enoviral vectors carrying either the Iuciferase or lacZ reporter 
genes were injected directly into the ventricular myocardium 
of adult domestic swine for evaluation of reporter gene 
expression. This procedure did not affect regional myocardial 
function as assessed by systolic wall thickening using ultrasonic 
crystals. Luciferase activity was detected 3 days after injection, 
increased markedly at 7 days, and then declined progressively 
at 14 and 21 days. Luciferase production was comparable in the 
right and left ventricular walls and increased with increasing 
amounts of virus, reaching 61±21 ng at the highest dose exam- 
ined (3.6x10 s plaque-forming units). The injection of 200 /tg of 
plasmid DNA (pRSYL) produced levels of luciferase compara- 
ble to 1.8x10" plaque-forming units of recombinant Ad5; how- 
ever, when normalized to the number of genes injected, the 
adenovirus was 140 000 times more efficient than plasmid DNA 



Histochemical analysis of /?-galactosidase activity produced by a 
second Ad5 vector demonstrated that nearly all (>95%) of the 
stained cells were cardiomyocytes and that the percentage of 
cardiomyocytes infected by the virus could be quite high in 
microscopic regions adjacent to the needle track (up to 75% in 
fields of 60 to 70 cells); however, Ad5 -infected cells were rarely 
observed farther than 5 mm from the injection site. Furthermore, 
the Ad5 vector induced pronounced leukocytic infiltration that 
was far in excess of that seen after injection of vehicle alone. 

Conclusions This study demonstrates for the first time that 
direct intramyocardial injection of replication-deficient adeno- 
virus can program recombinant gene expression in the cardio- 
myocytes of a large animal species with relevance to human 
physiology. The efficiency of adenovirus-mediated gene trans- 
fer is far superior to that of plasmid DNA injection, and this 
method appears to be capable of producing more recombinant 
protein. However, the cell-mediated immune response to the 
Ad5 vector and the limited distribution of reporter gene 
expression suggest that less immunogenic recombinant vectors 
and more homogeneous administration methods will be re- 
quired before Ad5 vectors can be successfully used for pheno- 
typic modulation. (Circulation. 1994;90:2414-2424.) 

KeyWords • genetics • myocardium • adenoviruses • 
leukocytes 



Gene therapy has recently emerged as a novel 
approach that may have important applica- 
tions in the treatment of human disease. 1 - 2 In 
the field of cardiology, much interest has focused on 
developing techniques to introduce recombinant genes 
directly into the vasculature and the heart. 3 Although 
several studies have demonstrated successful gene 
transfer into the ventricular myocardium of rats using 
direct injection of plasmid DNA, 4 7 the number of 
myocytes transfected with this method appears to be too 
small for successful gene therapy application. 7 A study 
by von Harsdorf et al 8 demonstrated that intramyocar- 
dial injection of plasmid DNA can be applied to the 
intact dog, that it is suitable for studying the transcrip- 
tional regulation of cardiac-specific promoters, and that 
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multiple DNA injections can be made in the same 
canine heart, thus increasing the yield of data from each 
animal. These reports 4 8 provided relative measure- 
ments of the levels of recombinant gene product ob- 
tained following direct intramyocardial injection, and 
many of them assessed the distribution of reporter gene 
expression using a histochemical assay for /J-galacto- 
sidase activity. 4 - 5 However, these studies did not report 
the absolute amounts of reporter protein produced 
following the direct injection of plasmid DNA into 
intact myocardium. 

Recombinant vectors based on adenovirus serotype 5 
(Ad5) represent an alternative means of introducing 
genes into the cardiovascular system. 3 Reporter gene 
expression following direct introduction of plasmid 
DNA has been demonstrated in skeletal muscle, 9 car- 
diac muscle, 4 8 and even the vascular wall 10 ; however, 
this method fails to produce significant levels of recom- 
binant protein in most other tissues. s In contrast, Ad5- 
mediated gene transfer has been demonstrated in a 
wide variety of tissues following direct in vivo adminis- 
tration. 1116 Furthermore, although Acsadi et al 5 re- 
ported that plasmid DNA directs the expression of 
recombinant protein for a limited time (<2S days) in a 
limited number of cardiomyocytes (—100), replication- 
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deficient Ad5 vectors have been reported to mediate 
widespread and long-term gene transfer. 11 

The molecular mechanisms by which Ad5 vectors 
accomplish endocytosis, endosomal disruption, and nu- 
clear entry 17 make them very efficient at accomplishing 
gene transfer and thus attractive vectors for delivering 
somatic cell gene therapy to intervene in human disease 
states. Protocols using replication-deficient Ad5 vectors 
have received approval from the Recombinant DNA 
Advisory board for limited investigational use in pa- 
tients with cystic fibrosis, 12 and Ad5 vectors that direct 
the expression of the low-density lipoprotein (LDL) 
receptor have been shown to temporarily accelerate 
cholesterol clearance in healthy mice. 18 The potential 
advantages of Ad5 vectors versus plasmid DNA make 
the former approach attractive 3 ; however, a number of 
important parameters must be characterized before 
recombinant Ad5 can be considered a reliable vector for 
gene therapy, including the magnitude and duration of 
recombinant gene expression, the identity of the tar- 
geted host cells, the distribution of transfected cells, and 
the response of the host to Ad5 -mediated gene transfer. 

Stratford-Perricaudet et al n first demonstrated direct 
gene transfer into intact myocardium by Ad5 vectors 
following the intravenous injection of mice. They re- 
ported that Ad5 -mediated gene transfer into the hearts 
of adult mice was relatively inefficient when compared 
with neonatal mice, but a quantitative comparison was 
not provided. This may in part be due to the fact that 
most studies using Ad5 vectors to deliver genes to the 
intact myocardium 1116 - 19 have used a histochemical as- 
say for /3-galactosidase, 20 which identifies infected cells 
by a distinctive blue stain. The histochemical assay 
provides an efficient means of identifying cells that 
express the lacZ reporter gene; however, it does not 
provide a quantitative assessment of recombinant gene 
expression, nor does it provide an accurate estimate of 
the percentage of cells transfected in the entire organ 
(unless it includes an exhaustive quantitative analysis of 
serial sections). A number of spectrophotometric and 
chemiluminescent assays have been used to measure 
/J-galactosidase activity in tissue extracts; however, 
these assays cannot distinguish between the recombi- 
nant 0-galactosidase and the endogenous /5-galacto- 
sidase activity, which is elevated in response to injury. 21 
In this regard, a recent study of 0-galactosidase activity 
following direct injection of Ad5 vectors into the rat 
heart has reported discrepancies between the histo- 
chemical and quantitative results, and it was concluded 
that the quantitative assay for /j-galactosidase is rela- 
tively insensitive for assessing gene transfer, 16 

In summary, previous studies have demonstrated that 
direct in vivo gene transfer into ventricular cardiomyo- 
cytes is possible using plasmid DNA or Ad5 vectors; 
however, these studies have not reliably measured the 
amount of recombinant protein produced, so it has not 
been possible to make accurate, quantitative compari- 
sons between the efficiencies of plasmid- and Ad5- 
mediated gene transfer. Such quantitative information 
is of critical importance in assessing the potential of 
these systems to deliver gene therapy. Furthermore, the 
previous studies of Ad5 -mediated gene transfer to the 
myocardium were performed in species such as mice, 11 
rabbits, 19 or rats, 16 in which cardiovascular physiology 
differs from human physiology in many important re- 



spects and accurate assessment of in vivo cardiac func- 
tion is problematic. If manipulations of cardiac pheno- 
type via Ad5 vectors are to be correlated with 
sophisticated physiological measurements, a larger ex- 
perimental animal must be used. We chose the porcine 
model 22 for this purpose because the coronary anatomy 
of swine is similar to that of humans, the vasomotor 
responses of swine are similar to those of humans, 
atherosclerosis can be induced in swine as in humans, 
and the size of the porcine heart facilitates experimental 
manipulations and enables sophisticated measurements 
of regional function and flow. 

To provide accurate quantitative data on the levels of 
recombinant gene expression resulting from the direct 
injection of recombinant Ad5 vectors into intact myo- 
cardium, we constructed a replication-deficient adeno- 
virus carrying the luciferase reporter gene. The advan- 
tages of the luciferase reporter system include the 
extreme sensitivity of the luminometric assay 23 and the 
total absence of background activity in any mammalian 
tissue. Using this recombinant adenovirus, we assessed 
the potential of Ad5 vectors to mediate gene transfer 
after direct injection into the right and left ventricles of 
living swine. In addition, we determined the duration of 
Ad5 -mediated gene expression and the efficiency of 
Ad5 vectors relative to the plasmid-based approach of 
direct DNA injection. A second Ad5 vector directing 
the expression of Escherichia coli /?-gaIactosidase was 
used to characterize the identity and distribution of 
Ad5 -infected cells after direct intramyocardial injec- 
tion. Finally, immunohistochemical studies were per- 
formed to characterize the inflammatory response ob- 
served after intramyocardial injection of Ad5 vectors. 

Methods 

Recombinant Vectors 

The replication-deficient adenovirus in which the Rous 
sarcoma virus long terminal repeat promotes the transcription 
of the luciferase reporter gene (Ad5/RSV/GL2) was generated 
by the method of McGrory et al 24 from the homologous 
recombination of two plasmid components (pJM17 and. 
pXCJL.l/RSV/GL2) following the cotransfection of the 293 
host cell line. 25 The resulting virus was replication deficient 
due to the deletion of critical El genes. The recombinant Ad5 
vector can replicate in the 293 cell line because this permissive 
host contains an integrated copy of the viral El genes. The 
/?-galactosidase reporter virus (Ad5/HCMV/LacZ) was gener- 
ously provided by FJL Graham and A Bett (McMaster 
University, Ontario, Canada). In this replication-deficient Ad5 
derivative, the human cytomegalovirus IE promoter tran- 
scribes the E. coli lacZ reporter gene. 26 The Ad5/RSV/GL2 
and Ad5/HCMV/LacZ viruses were plaque-purified and prop- 
agated in 293 cells according to published protocols. 25 A cell 
tysate preparation of Ad5/RS V/GL2 with a plaque assay titer 
of 2X10 9 was used to perform the experiments summarized in 
Figs 1 and 2 and as indicated in Fig 3, while doubly cesium 
chloride-banded preparations of Ad5/RSV/GL2 and Ad5/ 
HCMV/LacZ with plaque assay titers of 1 to 4 x 10 10 were used 
for the balance of the experiments. The plasmid pRSVL, 
kindly provided by S. Subramani, 27 carries the long terminal 
repeat of the Rous sarcoma virus, the firefly luciferase cDNA, 
the SV40 small-t intron, and the SV40 polyadenylation signal. 

Animal Preparation and Injection of Virus 

This study was performed in accordance with the guidelines 
of the Animal Protocol Review Committee of the Baylor 
College of Medicine and with the "Guide for the Care and Use 
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of Laboratory Animals" (Department of Health and Human 
Services, publication no. [NIH] 86-23). Male domestic swine 
weighing 28 5 ±1.6 kg were preraedicated with acepromazine 
maleate (1 mg/kg IM) and atropine (0.02 mg/kg IM). Seven 
pigs were used for injection of gene transfer reagent and three 
pigs served as controls. Anesthesia was induced with metho- 
hexital sodium (4 to 8 mg/kg) and maintained via ventilation 
with 0.5% to 1.0% methoxyflurane. With sterile technique, a 
thoracotomy was performed in the left fifth intercostal space, 
the pericardium was opened, and the heart was lifted slightly 
with gauze to facilitate injection. A 4x4-cm rectangular grid 
was mapped onto the left ventricle, and injections were 
performed near intersecting lines to avoid epicardial vessels 
while maintaining a 1-cm distance between injection sites. All 
intramyocardial injections were 100 /xL in volume and were 
performed with 1-mL syringes and 27-gauge needles. Injec- 
tions into the left ventricular wall were made perpendicular to 
the surface of the heart with needles that were fitted with 
insertion guards to ensure a consistent injection depth of 4 
mm. The thinner right ventricular wall was injected at an 
oblique angle and at a depth of 1 to 2 mm to prevent the 
needle from penetrating into the ventricular cavity. The loca- 
tion of each injection site was marked with a suture onto which 
a miniature plastic placard was secured. In three of the 
experimental pigs, two Doppler ultrasonic crystals 28 were 
sutured to the epicardial surface to identify specific Ad5/RSV/ 
GL2 injection sites and to assess regional myocardial function 
as systolic thickening fraction. Two Doppler probes were 
sutured onto corresponding regions of the myocardium in each 
of three control swine that did not receive intramyocardial 
injections. 

The histochemical studies involving the Ad5 vector carrying 
the lacZ reporter gene (Ad5/HCMV/LacZ) were designed to 
evaluate the distribution of gene transfer that resulted from 
injecting high doses of virus in close proximity to one another. 
Accordingly, a 5-cm-long monofilament template was secured 
onto the epicardium of the anterolateral wall of the left 
ventricle parallel to the atrioventricular groove using sutures 
to demarcate the middle and two ends. Ten injections, each 
containing 1.4X10 9 plaque-forming units (pfu) in a 100-^tL 
volume, were made at 2.5-mm intervals along the anterior half 
of this linear template, while a second set of 10 injections were 
made at 2.5-mm intervals along the lateral half using vehicle 
alone (100-/iL volumes of lx phosphate-buffered saline 
[PBS], 1% sucrose). After the direct injection of gene transfer 
reagent and vehicle control, a small plastic rube was placed in 
the thorax to evacuate air and fluid after surgery, and a Tygon 
catheter was introduced into the femoral artery to record 
arterial pressure. The incision was closed in layers, and each 
animal was observed carefully during recovery. Three to 21 
days after surgery, the animals were anesthetized with pento- 
barbital sodium (35 mg/kg IV) and killed with a bolus of KC1 
for analysis of reporter gene activity. 

Luciferase Assay 

The heart of each animal was removed and placed in 
ice-cold PBS. The left ventricular cavity was opened, and the 
left ventricular wall was separated from the right ventricle, the 
atria, and the large vessels. Each injection site was identified 
by its sutured placard (or ultrasonic Doppler probe). A brass 
cork-borer 1 cm in diameter (Fisher Scientific Co) was then 
used to remove a transmural cylindrical core of myocardium 
whose axis was defined by the needle injection path and whose 
center corresponded to the labeled injection site. Pilot studies 
had established that nearly all of the luciferase activity was 
located within a radius of 3 mm from the needle track, and 
essentially no activity could be detected >5 mm from the 
needle track. Each sample was temporarily stored in ice-cold 
PBS until mincing for homogenization in lysis buffer (25 
mmol/L Tris-phosphate, pH 7.8, 2 mmol/L dithiothreitol, 2 
mmol/L EDTA, 10% glycerol, and 1% Triton X-100). Ho- 



mogenates were centrifuged at 3000g for 10 minutes, and the 
resulting supernatants were further clarified by means of a 
second centrifugation at 12 000g for 5 minutes. Duplicate 
enzymatic assays for luciferase activity 23 were performed with 
20-/iL samples of cleared supernatant using a Monolight 2010 
luminometer (Analytical Luminescence Laboratory). A 
100-/J.L aliquot of assay reagent [20 mmol/L Tricine, pH 7.8, 
1.07 mmol/L (MgC0 3 )„Mg(OH) 2 • 5H 2 0, 2.67 mmol/L MgSO<, 
0.1 mmol/L EDTA, 33.3 mmol/L dithiothreitol, 270 /unol/L 
coenzyme A, 470 jimol/L D-luciferin, and 530 /imol/L ATP] was 
added to each 20-/aL sample, and light production over a period 
of 30 seconds was measured using the microprocessor-con- 
trolled photon counter. Background values from samples in- 
jected with the PBS vehicle (equivalent to background from lysis 
reagent) were subtracted and relative light units were converted 
to mass units (pg) using calibration curves generated from 
parallel reactions performed with certified luciferase control 
standard (Analytical Luminescence Laboratory). Values are 
reported as the total mass of active luciferase recovered from 
each injection site. 

Histochemical Assay for /3-GaIactosidase 

The histochemical assays for /J-galactosidase were per- 
formed 7 days after the direct injection of Ad5/HCMV/LacZ 
into the left ventricle. Gross histological examination was 
performed after sectioning the heart transversely along the 
length of the linear monofilament template used for injections. 
A second, parallel transverse section was made basal to the 
first to obtain a 5-mm-thick slice that included the left 
ventricle as well as the septum and right ventricle. This slice 
was fixed at 4°C for 16 hours in a solution of 1 x PBS, 1.25% 
glutaraldehyde, 0.01% sodium deoxycholate, and 0.02% Noni- 
det P-40 before it was rinsed in PBS and stained for 35 hours 
at 24°C in a buffered solution of the X-gal chromagen [100 
mmol/L sodium phosphate, pH 73, 1.3 mmol/L MgCl 2 , 3 
mmol/L K3Fe(CN) 6 , 3 mmol/L K^CN^, 0.01% sodium 
deoxycholate, 0.02% Nonidet P-40, and 1 mg/mL 5-bromo-4- 
chloro-3-indolyl-0-r>galactopyranoside (X-gal)] as described 
by MacGregor et al. 20 Prolonged incubation (>8 hours) pro- 
duced a diffuse background of dark blue that was clearly 
artifactual. 

The myocardial tissue on the distal surface of the section 
made along the longitudinal line defined by the injection 
template was processed for histochemical and immunohisto- 
chemica] analysis. Fresh samples were suspended in tissue- 
freezing medium and snap-frozen in a bath of isopentane 
cooled by liquid nitrogen. Cryostat sections (4 /tm thick) were 
collected on Probe-On Plus slides (Fisher Scientific Co) and ' 
fixed with 125% glutaraldehyde for 10 minutes at 4°C. The 
tissue sections were rinsed and incubated for 3.5 hours at 24°C 
in a buffered solution of the X-gal chromagen as described 
above. After color development, the sections were rinsed again 
in PBS and subjected to immunohistochemistry as described 
below or counterstained with nuclear fast red before mounting 
for photomicroscopy. 

Immunohistochemistry 

Immunohistochemistry was performed using monoclonal 
antibodies directed against porcine CD8 (PT36B) and CD44 
(BAT31A) (kind gifts of W.C. Davis, Washington State Uni- 
versity, Pullman, Wash). On completion of the X-gal staining 
procedure described above, the sections were rinsed in PBS, 
treated with normal horse serum, and incubated overnight at 
24°C with primary antibody (1 /ig/mL). The sections were then 
incubated with an alkaline phosphatase-conjugated secondary 
antibody raised against mouse IgG (Biogenex Laboratories). 
Levamisol (20 nUmL) was included with the secondary anti- 
body to inhibit endogenous alkaline phosphatase activity. The 
chromagen, nitro-blue tetrazolium (Sigma Chemical) was de- 
posited at antigenic sites to yield a deep purple reaction 
product before couriterstaining with nuclear fast red. 
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In each of the six swine, two miniature Doppler ultrasonic 
crystals were sutured onto the anterior and anterolateral sur- 
faces (site 1 and site 2, respectively) of the heart to assess 
regional myocardial function as systolic thickening fraction. The 
two sites of Doppler probe placement in each of the three 
experimental (Ad5-injected) hearts corresponded to sites of 
intramyocardial injection of Ad5/RSV/GL2 at doses of 0.7x10 7 
. and 7.0 x10 7 pfu, respectively, whereas the three control hearts 
did not undergo injection. Values are mean±SEM, n=3 for 
Ad5-injected hearts, and n=3 for control hearts. 

Quantitative Image Analysis 

After X-gal histochemistry, slides were reviewed using com- 
puter-assisted image analysis to objectively assess the fre- 
quency and distribution of cardiac myocytes expressing /3-ga- 
lactosidase. A color videocamera attached to an Olympus 
VANOX microscope ported images to a 24-bit true color 
frame grabber. The captured images were then relayed to the 
.Optimas imaging system for analysis. Microscopic magnifica- 
tion was set at 134 X to display a total myocardial area of 0.03 
mm? on the video monitor for analysis. Briefly, the field 
exhibiting the greatest staining intensity was chosen using area 
gray scale value as the determinant. This field was designated 
as the origin from which four radii were examined at 45°, 135°, 
225°, and 315° relative to the displayed video image. In 
addition to the central 0.03-mm 2 field, nine contiguous fields 
were sampled along each radius to a distance of 2.375 mm 
from the origin, each field being defined by calibrated field 
dimensions of 0.195x0.152 mm. The percentage of /3-galacto- 
sidase-positive cardiomyocytes per field was then calculated 
from the total numbers of blue-stained (positive) and un- 
stained (negative) cardiomyocytes in each field. 

Statistical Analysis 

All values are reported as mean±SEM. Measurements of 
Iuciferase activity were analyzed by nonparametric methods 
(Kruskal-Wallis test and Wilcoxon signed rank test) because 
the data did not follow a normal distribution. 20 

Results 

Effect of Ad5 Injection on Regional 
Myocardial Function 

To assess the impact of Ad5 injection on regional 
myocardial function, pulsed Doppler probes were su- 
tured onto sites of Ad5/RSV/GL2 injection in three of 
the experimental swine, and systolic thickening fraction 
was measured as previously described. 28 - 30 The values of 
thickening fraction at serial times after injection were 
compared with those obtained from three control swine 
that underwent a left thoracotomy and Doppler probe 
implantation but were not subject to intramyocardial 
injection. Systolic thickening fraction was found to be 
similar in the two groups at all time points (Table). Thus, 
the trauma associated with intramyocardial injection of 
adenovirus, the expression of foreign genes, and the 
immunological response of the host did not have a 
measurable effect on regional myocardial function as 
assessed by this method. Furthermore, there were no 




Fig 1 . Bar graph of time course of Ad5-mediated gene express 
sion after direct injection Into porcine myocardium. A 100-jiL 
volume of phosphate-buffered saline containing 7x10 7 pfu of a 
recombinant adenovirus carrying the Iuciferase reporter gene 
(Ad5/RSV/GL2) was injected into the left ventricular wall of 
open-chested pigs. The animals were killed while under deep 
anesthesia 3, 7, 14, and 21 days after the procedure, and 
transmural samples encompassing the injection sites were ho- 
mogenized for determination of Iuciferase activity. Each column 
represents the mean amount of Iuciferase recovered from 6 to 1 0 
injection sites as indicated by n on the bottom row. Values are 
mean±SEM. 

appreciable differences between the two groups with 
respect to heart rate or arterial pressure (data not 
shown). 

Time Course of Ad5-Mediated Gene Expression 
After Direct Injection 

To determine the magnitude and duration of Ad5- 
mediated gene expression, the swine were euthanized at 
3, 7, 14, and 21 days after Ad5 injection for Iuciferase 
assay. Fig 1 illustrates the time course of Iuciferase 
expression following the injection of 7xl0 7 pfu of 
Ad5/RSV/GL2 into the left ventricuiar wall. Luciferase 
activity was detectable as early as 3 days after injection 
but increased markedly at 7 days and then declined 
progressively at 14 and 21 days. Statistical analysis 
(nonparametric one-way ANOVA with the Kruskal- 
Wallis test) demonstrated that there was a significant 
(F=.018) increase in luciferase activity between 3 and 7 
days. As maximal activity was obtained at 7 days, this 
time point was chosen for the experiments summarized 
below. 

Dose-Response Relation Using a Cell 
Lysate Preparation 

To characterize the relation between the amount of 
virus injected and the amount of recombinant protein 
produced, increasing doses of Ad5/RSV/GL2 (from 
0.7 X10 7 to 1.8 x10 s pfu) were injected into the left 
ventricular wall and luciferase activity was measured 7 
days later. As shown in Fig 2, as little as 0.7 Xl0 7 pfu 
produced detectable amounts of luciferase (1.1 ±0.7 
pg). With increasing amounts of Ad5 virus, the produc- 
tion of luciferase increased in a dose-dependent man- 
ner, reaching 120±47 pg at a dose of 1.8x10 s pfu. 

Comparison of Ad5 With Plasmid DNA 

The efficiency of Ad5- versus plasmid-mediated gene 
transfer was compared using a reporter plasmid 
(pRSVL), 27 which carries a luciferase expression cas- 
sette analogous to the one in Ad5/RSV/GL2. Using 
identical injection volumes of 100 fiL and the same PBS 



2418 Circulation Vo. J, No 5 November 1994 




Fks 2. Bar graph of dose-response relation for Ad5/RSV/GL2, 
comparison with plasmid DNA, and comparison with right ven- 
tricular injection. The effect of varying the administered dose of 
virus was investigated by injecting into the left ventricle (LV) 
100-ftL volumes of phosphate-buffered saline (PBS) containing 
0.7x10 7 pfu (0.1 x Ad5), 2.Sx10 7 pfu (0.4x Ad5), 7x10 7 pfu 
(1.0 x Ad5), and 1.8x10" pfu (2.5x Ad5) of Ad5/RSV/GL2 and 
determining the amount of luciferase produced at each injection 
site after 7 days, Injections containing 200 ^g of a plasmid DNA 
bearing an analogous expression cassette (pRSVL) in 100 /tL of 
PBS were made into the left ventricle, and luciferase production 
was measured after 7 days. To determine whether the efficiency 
of Ad5-mediated gene transfer was constant in the left and right 
ventricles, 7x 1 0 7 pfu of Ad5/RSV/GL2 in 1 00-/A. volumes of PBS 
were injected into the right ventricle (RV), and luciferase produc- 
tion was determined after 7 days.. Each column represents the 
mean amount of luciferase recovered from 4 to 10 injection sites 
as indicated by n on the bottom row. Values are mean±SEM. 

vehicle used to deliver the Ad5 reporter virus, 200-/*g 
quantities of pRSVL DNA were directly injected into 
the left ventricular wall. This quantity of plasmid DNA 
was chosen because it had previously been shown to 
yield maximal reporter gene expression following direct 
left ventricular injection in dogs. 8 As shown in Fig 2, the 
mean luciferase activity produced by the luciferase 
reporter DNA was similar to that produced" by 1.8 x10 s 
pfu of the luciferase reporter virus. 

Ad5 -Mediated Gene Expression in the Right 
Ventricular Wall 

It is unknown whether Ad5 vectors can be used to 
transfer genes into the right ventricle and how their 
efficiency in this location compares to that in the left 
ventricle. Because of the small heart size, elucidation of 
this issue in rodents would be difficult. Accordingly, 
7x 10 7 pfu of Ad5/RSV/GL2 were injected into the right 
ventricular wall and luciferase activity was measured 7 
days later. As depicted in Fig 2, the amount of luciferase 
produced was comparable to that measured following 
similar injections into various regions of the left ventri- 
. cle. Thus, the Ad5 reporter virus appears to be equally 
efficient in gene transfer to the right and left ventricles. 

High-Level Expression Using a 
Purified Preparation 

The highest dose of recombinant Ad5 presented in 
Fig 2 approaches the maximum that is possible using a 
cell lysate preparation; however, step and density gra- 
dient centrifugation procedures can be used to further 
concentrate and purify Ad5 by several orders of magni- 
tude. To achieve higher levels of expression, a cell lysate 
preparation of Ad5/RSV/GL2 was subjected to two 
rounds of CsCl centrifugation and dialyzed against lx 
PBS, 1% sucrose to produce a working stock with a 
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Fig 3. Bar graph of luciferase production from concentrated 
Ad5/RSV/GL2. To produce higher levels of luciferase, a cell- 
lysate preparation of Ad5/RSV/GL2 was purified by two rounds of 
CsCl centrifugation and dialyzed against 1 x phosphate-buffered 
saline (PBS), 1% sucrose to yield a purified preparation with a 
concentration of 4x10 10 pfu/mL Dilutions of this preparation 
were made in vehicle (1 x PBS, 1% sucrose) to contain either 
7X10 8 (10x Ad5) or 3.6x10 s pfu (50x Ad5) in each of the 
100-p.L volumes injected into the left ventricle. The resulting 
levels of luciferase are compared with the level resulting from the 
highest dose of cell lysate preparation tested in Fig 2 (2.5x Ad5). 
Each column represents the mean amount of luciferase recov- 
ered from four or five injection sites as indicated by n below the 
relevant column. Values are mean±SEM. 

concentration of 4xl0 10 pfu as determined by plaque 
assay. Fig 3 compares the results of direct myocardial 
injections using dilutions of this concentrated prepara- 
tion with the highest dose of cell lysate preparation, 
which was presented in Fig 2. The increased input of 
Ad5/RSV/GL2 produced higher levels of luciferase, and 
the absence of a plateau in the dose-response relation 
suggests that the kinetics of viral infection and gene 
expression were not saturated even at the highest dose 
of recombinant Ad5 examined. 

Distribution of Gene Expression 

To determine the identity of the cells targeted by Ad5 
vectors and to characterize their distribution in .the 
myocardium, histochemical analyses were performed on 
tissue samples obtained 7. days after intramyocardial 
injection with CsCl-purified preparations of a replica- 
tion-deficient Ad5 vector carrying the E. coli hcZ 
reporter gene (Ad5/HCMV/LacZ). The 0-galactosidase 
produced from this vector was detected in gross tissue 
and cryostat sections by histochemical staining with a 
chromagenic substrate (X-gal) that yields an insoluble 
indigo reaction product in the presence of enzyme. Fig 
4B depicts a porcine heart that was sectioned trans- 
versely along a 2.5-cm line of 10 (100-/*L) injections, 
each delivering 1.4x10' pfu of Ad5/HCMV/LflcZ. A 
2.5-cm line of negative control injections consisting of 
vehicle alone (lx PBS, 1% sucrose) was also included 
in this section on the lateral wall of the left ventricle, 
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Fig 4. Photomicrographs of distribution of Ad5-mediated gene transfer as determined by histochemteal assay for 0-galactosidase 
activity. A recombinant adenovirus carrying the facZ reporter gene (Ad5/HCMV/LacZ, kindly provided by A. Bett and F.L Graham) was 
purified to a concentration of 1.4x1 0 10 pfu/mL and used to make 10 direct injections along the anterior wall of the left ventricle. A linear 
monofilament template 5 cm long was sutured onto the left ventricular epicardium in a plane parallel to the atrioventricular groove, 
beginning at the level of the felt anterior descending artery and ending oh the obtuse margin. A series of 10 injections, each containing 
1 .4 x 1 0 s pfu of reporter virus, was made along the 2.5-cm anterior half of this template at 2.5-mm intervals, whileaseriesoflO injections 
of vehicle (1 x phosphate-buffered saline [PBSJ, 1% sucrose) was made along the lateral half. Seven days after direct injection, the 
animal was killed, and the heart was sectioned transversely along the line defined by the injection template. B and C, Proximal surface 
of this incision; D through F, distal surface of the incision. A second section was made parallel and 5 mm proximal to the first to generate 
the slice illustrated in A through C. This slice was fixed in 1 x PBS, 1.25% glutaraldehyde, 0.01% sodium deoxycholate, and 0.02% 
Nonidet P-40 for 1 6 hours, rinsed in PBS, and then stained for 3.5 hours in a solution of X-gal substrate. A demonstrates that no gross 
evidence of 0-galactosidase activity could be found on the proximal aspect of the slice (5 mm proximal to the line of injections). In 
contrast, B shows that considerable activity was evident along the 2.5-cm line of Ad5 injections in the anterior wall of the left ventricle 
(between the arrowheads at left and center). The total lack of blue staining along the 2.5-cm line of negative control injections in the 
lateral wall (between the arrowheads at center and right) demonstrates the specificity of the histocherriical assay. Prolonged staining (>8 
hours) resulted in a diffuse darkening of the entire sample, which obscured the true positive signal (not shown). As illustrated in C, close 
examination of the positive region after 3.5 hours of incubation revealed irregularities in the distribution of the blue stain. D through F, 
Photomicrographs of frozen sections obtained from the distal surface of the incision made along the injection template. The low-power 
(5x) magnification in D shows that the /S-galactosidase-positive (blue) cells were grouped in loose clusters surrounding areas of 
pronounced cellular infiltrate (indicated by asterisks). The bracketed region in D is enlarged to a 20x original magnification in E to show 
the border between the cellular infiltrate and the Ad5-infected cardiomyocytes. The bracketed region in E is enlarged to an 80 x original 
magnification in F to reveal the morphology of the positively stained cardiomyocytes and their association with the cellular infiltrate. 
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immediately adjacent to the viral injections. After fixa- 
tion and incubation with the X-gal chromagen, an area 
of intense blue staining (approximately 2.5 cm long and 
0.7 cm wide). No evidence of X-gal staining was found 
in the adjacent 2.5 -cm-long segment of left ventricle 
that was injected with vehicle alone. A second, parallel 
section was made 5 mm basal to the first to generate the 
gross specimen. Fig 4A demonstrates that there was no 
evidence of staining on the basal aspect of the slice, at a 
distance of 5 mm from the series of 10 viral injections. 
Transverse sections made after photography revealed 
that the gross positive staining shown in Fig 4B was 
quite superficial, extending no more than five cell layers 
in depth. However, subsequent X-gal staining and mi- 
croscopic analysis of these transverse sections demon- 
strated that a few positive cardiomyocytes could be 
found up to 5 mm away from the line of viral injections 
(data not shown). This indicates that many /J-galacto- 
sidase-^>ositive cells in the deeper layers of the gross 
specimen failed to stain blue on the initial immersion in 
X-gal, presumably due to limited penetration by the 
chromagenic substrate. 

Although macroscopic examination (Fig 4B and 4C) 
suggested the presence of extensive regions of high- 
frequency gene transfer, the photomicroscopy in Fig 4D 
(5x original magnification) demonstrates that positive 
(blue) cells were actually grouped in loose clusters 
adjacent to the site of injection. The bracketed region in 
Fig 4D is enlarged in Fig 4E (20x original magnifica- 
tion) to illustrate that positive cardiomyocytes were 
associated with regions of increased ceflularity. The 
dense cluster Of positive cells in Fig 4E is enlarged in Fig 
4F (80 x original magnification) to illustrate the mor- 
phological features of the recombinant cardiomyocytes 
and the cellular infiltrate. Careful analysis at high 
magnification revealed that nearly all (>95%) of the 
clearly definable cells that stained positive with X-gal 
also contained the striations characteristic of cardiomyo- 
cytes. When /3-galactosidase-^x>sitive clusters were ex- 
amined in high-power fields containing 60 to 70 cardio- 
myocytes, up to 75% of the cardiomyocytes showed 
evidence of the blue stain. However, the computer- 
assisted image analysis summarized in Fig 5 revealed 
that the percentage of blue cardiomyocytes was found to 
decrease markedly as a function of distance from the 
most positive microscopic field. 

Immunohistochemical Characterization of 
Leukocytic Infiltrate 

Analysis of the histochemical sections presented in 
Fig 4 revealed that the cardiomyocytes that stained blue 
in the X-gal assay for /3-galactosidase activity were often 
associated with infiltrating populations of small, spher- 
ical cells containing prominent nuclei. Furthermore, 
cell-mediated cytofysis was suggested by the observation 
that the blue cardiomyocytes surrounded by infiltrating 
cells often exhibited features of cellular deterioration. 
To further characterize this phenomenon, cryosections 
that had undergone the X-gal staining procedure were 
additionally subjected to immunohistochemistry using 
monoclonal antibodies developed against porcine CD44 
and CD8. An immunohistochemical technique using 
alkaline phosphatase as the reporter system was used to 
label antigenic sites with nitro-blue tetrazolium to yield 
a deep purple reaction product. Tissue sections in Fig 
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Fig 5. Plot of quantitative image analysis of p-galactosidase 
distribution. Computer-assisted quantitative image analysis was 
performed on a representative X-gaf-stained frozen section from 
the injected region of myocardium as described in "Methods." 
The percentage of cardiomyocytes staining blue in the X-gal 
assay for 0-galactosidase activity was determined in nine con- 
secutive fields along four lines originating from a highly positive, 
rectangular field with dimensions of 0.152x0.195 mm. The mean 
percentages of £-galactosidase (£-gal)-positive cardiomyocytes 
are plotted on the y axis with error bars indicating SEM. The 
distance from the center of the highly positive field to the most 
distal point examined in each 0.152x0.195-mm field is plotted 
on the x axis. 

6A through 6C were stained by X-gal and the CD44 
antibody, and sections in Fig 6D through 6F were 
stained with X-gal and the CD8 antibody. Fig 6A 
demonstrates that the injection of vehicle alone resulted 
in a small, well-defined region of leukocytic infiltration 
(indicated by the CD44 antigenic sites labeled deep 
purple). The presence of the CD44 antigen (lymphocyte 
homing receptor) on the membranes of the infiltrating 
cells is consistent with a normal healing response to 
intramyocardial injection (20 x). Fig 6D depicts a simi- 
lar vehicle-injected region in which few T cells were 
detected by immunohistochemistry using the monoclo- 
nal antibody developed against CD8 (20x). Fig 6B 
demonstrates that the injection of Ad5/HCMV/LacZ 
induced a far more prominent infl amm atory response 
that was centered on the Ad5-infected cardiomyocytes 
identified by the X-gal stain (20 x). Fig 6E shows a 
similar site of AdS/HCMV/LacZ injection immunos- 
tained with the CD8 antibody (20 x). The injection of 
Ad5 clearly stimulated myocardial infiltration by the 
small, spherical CD8-positive cells. The bracketed re- 
gion in Fig 6B is enlarged in Fig 6C (80 x) to illustrate 
several examples in which CD44-positive cells were 
associated with the cytolysis of infected cardiomyocytes. 
Arrowheads indicate blue-stained cardiomyocytes in 
advanced states of cytolysis. The bracketed region in Fig 
6E is enlarged in Fig 6F (80x) to illustrate that mem- 
bers of the CD8-positive population were less intimately 
involved in the lytic process. 

Discussion 

The salient findings of this study can be summarized 
as follows. (1) Replication-deficient Ad5 vectors are 
capable of mediating recombinant gene expression after 
direct injection injo adult porcine myocardium. (2) The 
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Fra 6. Photomicrographs of immunohistochemical assessment of leukocytic infiltration. X-gai-stained frozen sections from the distal 
surface of the incision made along the series of negative control injections (A and D) or along the series of Ad5/HCMV/LacZ injections 
(B, C, E, and F) were additionally subjected to immunohfetochemistey using monoclonal antibodies developed against porcine CD44 (A, 
B, and C) or CDS (D, E, and F). A (20x original magnification) shows that modest populations of CD44-positive leukocytes (labeled deep 
purple by nltro-blue tetrazolium) could be found at sites of vehicle injection. B (20x) shows that penetration of the myocardial region 
by the CD44-posiHve leukocytes was significantly increased when the 100-/iL Injection contained 1.4x10" pfu of recombinant Ad5. The 
bracketed region in B is enlarged to 80x in C to demonstrate that the CD44 leukocytes are associated with the degradation of 
Ad5-lnfected (blue) cardiomyocytes. Arrowheads indicate examples of cardiomyocytes in advanced states of cytoiysis. D (20x) shows 
that few CD8-positfve T cells (labeled deep purple by nitrc-blue tetrazolium) could be found at sites of vehicle injection. E (20 x) shows 
that the population of these small, spherical cells was markedly increased when the injection delivered recombinant Ad5. The arrowhead 
in F (80x) indicates a representative CD8-positive T cell. Although T celts could be found near the Ad5-infected cardiomyocytes, they 
were less intimately associated, with the degradation of these cells than the CD44-positive leukocytes (compare with C). 



impact of this procedure on regional cardiac function 
appears to be negligible. (3) Luciferase expression 
peaks around 7 days and persists for at least 3 weeks. (4) 
The amount of recombinant protein increases with the 
amount of virus, with no evidence for a plateau, as the 
viral dose is increased —500-fold from 0.7 xlO 7 to 
3.6xl0 9 pfu. (5) On a molar basis, the Ad5 vector is 



140 000 times more efficient than plasmid DNA in 
mediating gene transfer. (6) The expression of recom- 
binant genes following intramyocardial injection of Ad5 
is similar in the left and right ventricles. (7) Such 
expression specifically involves cardiomyocytes. (8) The 
percentage of cardiomyocytes expressing /3-galacto- 
sidase can be high in microscopic regions adjacent to the 
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injection site (up to 75% in fields of 60 to 70 cells). (9) 
Essentially no luciferase activity (and very few j8-galac- 
tosidase-positive cells) can be detected farther than 5 
mm from the injection site. (10) And the recombinant 
Ad5 virus carrying the /3-galactosidase reporter gene 
induces a prominent inflammatory response. Previous 
studies have shown that gene transfer into the heart can 
be achieved with intramyocardial injection of plasmid 
DNA in rats 4 7 or dogs. 8 The myocardium has also been 
targeted with the intravenous injection of Ad5 vectors in 
mice, 11 with transcatheter infusion of Ad5 vectors into 
the coronary ostia of rabbits, 19 and with direct injection 
of Ad5 vectors in rat hearts. 16 However, to our knowl- 
edge, this is the first study in which Ad5 vectors have 
been used to mediate direct gene transfer into the heart 
of a large mammalian species. 

■ The importance of using large animals such as swine 
stems from the fact that rodents differ substantially from 
humans in many aspects of cardiovascular physiology and 
pathophysiology, including rate of metabolism, pattern of 
cardiac contractile isoforms, 31 - 32 and induction of isofonn 
switching during development and hypertrophy. 33 - 34 More- 
over, the porcine model makes possible sophisticated 
measurements of cardiac function and flow in longitudinal 
studies at serial time points, which would be extremely 
difficult in rats or mice. Thus, gene transfer into porcine 
hearts may be useful for analyzing the regulation of gene 
expression in a species that is more relevant to humans 
than rodents. Furthermore, this approach provides a 
model in which cardiac physiology can be accurately 
monitored over extended periods of time. 

The results of the measurements of wall thickening 
(Table) indicate that as many as 16 separate low-dose 
injections of the luciferase reporter virus did not ad- 
versely impact regional myocardial function. This sug- 
gests that the porcine heart can be used for multiple 
low-dose intramyocardial injections of recombinant Ad5 
without significantly interfering with cardiac contractil- 
ity. A limitation of these data, however, is that ultra- 
sonic crystals were not used in the experiments in which 
the more concentrated, CsCl-banded preparations of 
recombinant Ad5 were injected and pronounced inflam- 
mation was documented. Furthermore, the relatively 
small regions monitored by the ultrasonic crystals may 
not have corresponded exactly to the sites of Ad5 
injection. Accordingly, the results presented in the 
Table do not formally exclude the possibility that high 
doses of recombinant Ad5 might impair contractility in 
the immediate vicinity of the injection site. 

The data presented in Fig 1 indicate that recombinant 
gene expression persisted for at least 21 days, with a peak 
at approximate^ 7 days after gene transfer. This temporal 
pattern of gene expression is similar to that observed by 
Buttrick et al 7 and von Harsdorf et al 8 following the direct 
injection of plasmid DNA into rat and canine myocar- 
dium, respectively. The concordance of these results is 
consistent with the episomal location of both plasmid and 
adenoviral DNAs in the nuclei of transfected (or infected) 
cells. These extrachromosomal DNAs are subject to sim- 
ilar nuclear processes that might be expected to reduce the 
levels of recombinant gene expression at later time points. 
However, the mununohistochemistry presented in Fig 6 
strongly suggests that an inflammatory response involving 
cell-mediated cytorysis may play a critical role in the 
decline of Ad5-mediated reporter gene expression that we 



observed starting approximately 7 days after direct injec- 
tion (Fig 1). 

The persistence of expression following direct gene 
transfer into the myocardium has been reported to vary 
considerably. 5 - 11 Neonatal mice injected intravenously 
with a replication-deficient adenovirus maintained sus- 
tained levels of 0-galactosidase in many tissues (includ- 
ing skeletal muscle and heart) for a period of 10 months, 
although similar injections in adult mice resulted in a 
much shorter time course of reporter gene expression. 11 
A mechanism for the extinction of reporter gene expres- 
sion involving cell-mediated cytolysis could explain this 
apparent discrepancy, since the injection of recombi- 
nant Ad5 into the immunologically naive neonatal mice 
probably induced a state of immune tolerance. The use 
of cyclosporin A or FK-506 to suppress the natural 
inflammatory response of adult animals to viral infec- 
tion would therefore be expected to potentiate and 
prolong Ad5-mediated gene expression following direct 
in vivo gene transfer. Nevertheless, it is reasonable to 
expect a gradual decrease in the levels of recombinant 
gene expression from episomal DNAs due to cellular 
mechanisms such as DNA methylation or nuclease 
action. For example, Acsadi et al 5 have reported that 
luciferase expression resulting from direct injection of 
plasmid DNA into adult rat heart was reduced approx- 
imately 500-fold by 25 days. Therefore, species- or 
age-related variables, the nature of the gene transfer 
system and protein product, immunological interdic- 
tion, as well as factors controlling DNA stability, pro- 
moter utilization, messenger RNA stability, and protein 
degradation may all play important roles in determining 
the duration of recombinant gene expression following 
direct in vivo gene transfer. 

One of the major findings of this study was that the 
infection of cardiomyocytes with high doses of Ad5 was 
associated with a marked leukocytic infiltration, which 
presumably limited the intensity and duration of recom- 
binant gene expression and caused notable tissue dam- 
age (Fig 6). This inflammatory response is consistent 
with previous studies showing that although the deletion 
of the El genes is adequate to render Ad5 vectors 
replication deficient, it does not completely silence the 
remainder of the viral genome. 35 - 36 It would appear that 
the presentation of expressed viral proteins on the 
surface of infected cells induces an inflammatory re- 
sponse that involves cytotoxic T-rymphocytes, mono- 
cytes-macrophages, and/or natural killer cells. Similar 
leukocytic infiltrates have been characterized in various 
tissues after Ad5 -mediated direct in vivo gene transfer 
in several animal models. 37 - 38 Efforts are presently un- 
der way to obviate this problem. In particular, recent 
work has demonstrated that additional modifications to 
the adenoviral genome can reduce the immune re- 
sponse, presumably by attenuating viral gene expres- 
sion. 39 - 40 These modifications should result in the pro- 
duction of higher levels of recombinant protein for 
longer periods of time following direct intramyocardial 
injection than was demonstrated here. 

In the present study, similar levels of gene expression 
were obtained in the right arid left ventricles after direct 
injection of the luciferase reporter virus. This contrasts 
with the results of von Harsdorf et al, 8 in which direct 
injection of plasmid DNA resulted in approximately 
threefold more reporter protein in the left ventricle 
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than in the right ventricle. It is possible that this 
difference is due to the oblique injection angle used 
here to prevent the needle from penetrating the rela- 
tively thin right ventricular wall. The lack of regional 
differences in the levels of gene expression between the 
left and right ventricles makes the porcine model suit- 
able for comparison of several different viral vectors 
within one animal, thereby eliminating interindividual 
variability. This represents an advantage over studies in 
rodents, in which large numbers of animals are required 
to achieve statistical significance. 35 

To our knowledge, this is the first study to accurately 
quantitate the production of recombinant protein follow- 
ing either Ad5- or plasmid-mediated direct gene transfer 
to the heart. As demonstrated in Figs 2 and 3, there exists 
a positive relation between the amount of replication- 
deficient Ad5 vector injected and the levels of recombi- 
nant protein produced. The highest concentration of 
virus used in Fig 2 (1.8X10 9 pfu/mL) approaches the 
maximum that can be obtained from a cell h/sate prepa- 
ration, so CsCl centrifugation was used to produce a 
stock of Ad5/RSV/GL2 with a plaque assay titer of 
4 XlO 10 pfu/mL. Experiments using this purified prepara- 
tion demonstrated that a single 100-p.L injection contain- 
ing 3.6 xlO 9 pfu of reporter virus produced 61 ±21 ng of 
luciferase. The fact that this high dose resulted in in- 
creased levels of recombinant protein suggests that the 
myocardial capacity for recombinant gene expression 
was not. saturated under the conditions of this study. 
Given the very short half-life of luciferase in mammalian 
cells, it is conceivable that a more stable recombinant 
gene product would accumulate to even higher levels. 

The experiments summarized in this report were not 
designed to provide a comprehensive comparison be- 
tween Ad5- and plasmid-mediated gene transfer. Nev- 
ertheless, Figs 2 and 3 suggest that Ad5/RSV/GL2 offers 
a significant advantage over plasmid DNA. The highest 
dose of reporter virus examined in the present study 
(3.6 XlO 9 pfu) produced luciferase levels that were more 
than 500-fold higher than those obtained from the 
direct injection of 200 fig of plasmid DNA. This partic- 
ular dose of plasmid DNA was chosen because it yielded 
maximal levels of reporter gene expression when in- 
jected into the left ventricle of intact dogs using tech- 
niques similar to those used in this study. 8 The expres- 
sion levels obtained with the pRSVL plasmid DNA in 
our study may therefore approach the maximum possi- 
ble, whereas the results obtained with Ad5 might still be 
improved by 5- to 10-fold with more sophisticated 
concentration protocols. Furthermore, it is important to 
consider gene transfer efficiency in terms of the number 
of recombinant genes injected. In this study, 200 p.g of 
pRSVL DNA (42.4 pmol of reporter gene) produced a 
mean of 123 pg of luciferase per injection site, whereas 
1.8 x10 s Ad5 particles (0J0 fmol of reporter gene) 
produced comparable levels. Therefore, when consid- 
ered on a molar basis, the Ad5 is 140 000 times more 
efficient than plasmid DNA in mediating gene transfer 
in vivo after direct intramyocardial injection. 

The quantitative measurements of luciferase activity 
did not allow us to discern whether the recombinant 
protein was expressed in myocytes or in other cell types 
such as endothelial cells, fibroblasts, or even the inflam- 
matory cells that infiltrate the needle track after intra- 
myocardial injection. 4 - 5 This is an important issue if one 



wishes to target a specific cell population for the pur- 
poses of gene therapy. Therefore, to assess the cellular 
distribution of recombinant gene expression and to 
determine if it occurred specifically in cardiomyocytes, a 
replication-deficient virus carrying the lacZ reporter 
gene was injected into the left ventricle and infected 
cells were identified by histochemical staining of serial 
sections harvested 7 days later. On histological evalua- 
tion, the vast majority (>95%) of the blue-stained cells 
could be identified as cardiomyocytes by their charac- 
teristic pattern of striations (Fig 4). Thus, the 0-galac- 
tosidase reporter gene is selectively expressed in cardio- 
myocytes after direct intramyocardial injection with 
replication-deficient Ad5 as has been reported after 
direct DNA injection. 4 - 5 This is in contrast to the 
cellular distribution of reporter gene expression ob- 
served after administration of Ad5 via intravenous 
injection (which targets a wide range of tissues 11 ) or via 
transcatheter infusion to the coronary sinus (which 
targets both the vasculature and the myocardium 19 ). 

Gross examination of ventricular slices after histo- 
chemical staining for 0-galactosidase activity (Fig 4) 
revealed macroscopic evidence of recombinant gene 
expression. The authenticity of the positive signal was 
demonstrated by the total lack of staining in the lateral 
ventricular region injected with vehicle alone. Although 
the macroscopic assessment was visually impressive, 
microscopic examination of X-gal-stained cryosections 
revealed a heterogeneous distribution of infected cells 
in loose clusters near the injection sites. The percentage 
of infected cells was high (up to 75%) at the center of 
these microscopic clusters but decreased markedly as a 
function of distance as illustrated in Fig 5. It would 
therefore appear that Ad5 vectors have a limited capac- 
ity for migration through adult porcine myocardium 
after direct intramyocardial injection. Accordingly, it is 
unlikely that a single direct injection of replication- 
deficient Ad5 vims (or of plasmid DNA 7 ) will geneti- 
cally alter significant regions of the myocardium in a 
uniform manner. More widespread gene expression can 
be obtained by making multiple, contiguous injections 
as demonstrated in Fig 4, but this does not appear to be 
a practical method for modulating gene expression over 
large regions of myocardium. These observations have 
implications for the application of somatic cell gene 
therapy in the heart, since therapeutic strategies involv- 
ing the secretion of recombinant proteins (eg, vasoac- 
tive peptides or angiogenic growth factors) from a 
subset of cardiomyocytes may be more successful than 
those that rely on uniform gene transfer throughout 
large portions of the myocardium. 

In summary, the present study demonstrates that direct 
intramyocardial injection of replication-deficient Ad5 vec- 
tors is a feasible and practical method for introducing 
recombinant genes into the cardiomyocytes of a large 
animal species with relevance to human physiology. The 
efficiency of Ad5 -mediated gene transfer was superior to 
that of plasmid DNA injection in this study, and replica- 
tion-deficient Ad5 vectors offer the advantage of produc- 
ing more recombinant protein. Successful genetic modu- 
lation of discrete myocardial regions with Ad5 vectors 
could find application in studies of in vivo gene expression 
regulation in response to stimuli that cannot be mimicked 
in vitro. However, the in vivo application of these vectors 
appears to be limited by marked leukocytic infiltration, 
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probably in response to the residual expression of viral 
genes by infected cells. Additional recombinant modifica- 
tions to the Ad5 genome are feasible, which should 
niinimize the inflammatory response and consequently 
produce higher levels of. recombinant gene expression for 
more extended periods of time. 
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This study introduces a model for intra coronary gene transfer in murine 
cardiac isografts using adenovirus vectors. This approach may offer an 
opportunity to modulate alloreactivity after cardiac transplantation. Donor 
hearts were infected via the coronary arteries with a volume of 10* plaqne- 
formiog units per milliliter of a recombinant adenovirus containing tlie 
/T-galactosidase-encoding gene (Ad.CMVI.acZ.). In a control group, 200 fxl of 
normal saline solution was infused. The grafts were stored in 4° C coW saline 
solution for 15 minutes, then transplanted heterolopieully into syngeneic hosts 
(B10.BR). The grafts were harvested at 3, 7, 15, or 30 days (n = 5 for each 
group) after transplantation, and p-galactosidase activity was assessed by 
bislochetnical staining (X-gal). All grafts were functioning when harvested. 
X-gal staining pattern was nonuniform with positive staining appearing in 
epicardial, myocardial, and endocardial cells, as well as in the vessel walls- The 
cells permissive to infection consisted predominantly of myocardial cells. The 
mean total numbers of /i-gal-posilive staining cells per slice were 68.7 ± 273 
in the 3-day group, 330.4 ± 53.8 in the 7-day group, 151 J ± 48.0 in the 15-day 
group, and 39.9 ± 10.X in the 30-day group, thus peaking in the 7-day group 
(p < 0.05). Control isografts (n = 5), retrieved at day 30, revealed no staining 
activity. In conclusion, our model demonstrates that intracoronary gen* 
transfer to the transplanted marine cardiac grafts is feasible at the time of 
harvest Adciiovlrus-mcdtatcd gene transfer produces widespread gene expres- 
sion which, though perhaps transient, does not adversely affect myocardial 
structure or function. This technology amy allow modification of graft immn- 
nogenicity in the future through the production of therapeutic proteins 
sufficient to modulate local immune responses. (J Thorac Cardiovasc Sujk; 
1996;111:246-52) 
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The development of methods to transfer genes 
into the heart has opened a new era,in cardio^ 
vascular therapeutics. Through the localized expres- 

Eroni Ibc Division of Cardiothoracic Surgery, University of 
California at Los Angeles Medical Center, Los Angeles, Calif. 

Read at the Seventy-fifth Annual Meeting of The American Asso- 
ciation for Thoracic Sutler/, Boston, Mass, April 23-26, 1995. 

Address for reprints: Hillel Laks, MD, Division of Cardiotlxwacic 
Surgery, UCLA Medical Center, Center for the Health Sciences, 
Room 62-182A 10833 LcConte Ave, Los Angeles, CA 90024. 

Copyright © 1996 by Moshy-Year Book, Inc. 

0022-5223/96 $5.00 + 0 12/6/67S03 



sion of gene products, gene transfer approaches can 
provide insight into cardiac cell biology and may 
allow treatment of cardiac diseases such as trans- 
plantation coronary artery disease or graft rejection. 
Several methods of transfecting genes have been 
studied. In vivo, direct myocardial gene transfer 
through a needle has been investigated in the rat, 1 5 
rabbit, microswine, 6 and dog. 7 However, the limited 
spatial extent of transaction has restricted the clin- 
ical applicability of this technique to human heart 
diseases. 4 By way of overcoming these limitations, 
the transvascular approach lias been investigated as 
a potential target for gene therapy because of the 
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large surface area and widespread distribution. Two 
types of approaches have been used to transfer 
genes into endothelial cells in vivo. First, genes have 
initially been transferred into endothelial cells in 
vitro, followed by reintroduction of the transfected 
cells into the vessel wall."" 1 " Second, the genes have 
been transferred in vivo directly into the vessel 
wall."" 13 However, the fact that endothelial cells 
replicate slowly in the resting state may become a 
limiting factor for the use of vectors that depend on 
cell proliferation to express the exogenous genes. 14 
A unique feature of adenovirus vectors is that they 
appear to be efficient in transferring foreign genes 
even into slowly replicating endothelial cells.' 0 

The application of gene transfer techniques to the 
coronary vessels of cardiac allografts may offer 
insight into the alteration of alloantigen expression 
in the grafts and ultimalely may allow the treatment 
of transplantation coronary artery disease or al- 
lograft rejection. Early detectable expression of 
genes after intracoronary infusion of a reporter gene 
at the time of harvest has been reported. 13 

In the present study, we evaluated the potential 
utility of adenovirus-mediated cardiac gene transfer 
by direct infusion of a reporter gene into the coro- 
nary arteries of the transplanted mouse heart. 

Material and methods 

Gene and adenovirus vector. The replication-defective 
recombinant" adenovirus (Ad.CMVLacZ) encoding the 
Escherichia coii LacZ gene, capable of producing the 
enzyme 0-galactosidase, was used as a reporter gene. 
The gene was. modified by the additioh of sequences 
encoding for a nuclear translocation signal and 'was placed 
under a control of the cytoroegalovipus long terminal 
repeat A volume of 200 pi of 10 9 PFU/ml* of viral 
particles was infused into the donor coronary arteries. 

Animals. Fifty adult mice (7 to 10 weeks of age) of the 
BIO.BR strain, weighing 17 to 22 gm, were obtained from 
Jackson Laboratories (Bar Harbor, Maine). They were 
housed under conventional conditions and fed a standard 
diet (Rodent Laboratory Chow, Ralston Purina Company, 
Sl Louis, Mo.) and water. After completion of each 
^procedure, the mice were allowed to recover with oxygen 
and local heat and transferred to their cages 24 hours after 
the operation with* free access to food. 

Heterotopic heart transplantation and intracoronary 
gene transfer. Cardiac isografts from BIO.BR mice were . 
transplanted into a second set of BIO.BR mice by means 
of standard microsurgical techniques.. After adequate 
anesthesia with 4% chloral hydrate (0.1 ml/20 gm of body 
weight, intraperitoneal injection) and methoxyflurane (in- 
halation), a sternal Jid was lifted upward and fixated. Both 
the right and the left superior venae cavac were Kgatcd. 



*PFU/ml = Plaque-forming unit per milliliter. 



Ilie donor heart was arrested by infusion of 0.5 ml of cold 
heparinized saline solution into the inferior vena cava 
(100 U heparin per milliliter saline solution). The left 
pulmonary artery was transected to vent the coronary 
sinus, and the ascending aortn was ligated just proximal to 
the origin of the innominate artery. The viral particles 
were then infused into the proximal aorta with a 27-gauge 
needle. In all cases, outilow of infused solution through 
the proximal cut end of the left pulmonary artery con- 
firmed adequacy of delivery. The aorta, main pulmonary 
artery, and the three systemic veins were then transected 
distal to ligatures, followed by the en bloc ligature and 
transection of the pulmonary veins. The donor heart was 
preserved in 4' C normal saline solution during recipient 
preparation. 

Through a midline abdominal Incision, the recipient's 
infrarenal abdominal aorta and inferior vena cava were 
isolated and ligated both proximally and distally with 5-0 
silk. After a longitudinal aortic incision, an end-lo-side 
anastomosis between the donor ascending aorta and the 
recipient abdominal aorta was performed, followed by an 
end-to-side anastomosis between the donor pulmonary 
artery and recipient inferior vena cava. Both anastomoses 
were sutured with 10-0 nylon. The recipient's proximal 
aortic ligature was released first so that the graft would be 
initially reperfused with blood from the proximal aorta. 

Expression of /3-galactosidasc. Histochemical staining 
was done so that /l-galactosidase activity could be exam- 
ined. Cross sections, 3 to 4 mm in height, were taken from 
the graft at midventricular level and snap-frozen in liquid 
nitrogen. Then 10 /Am thick slices were cut at 200 pern 
intervals, followed by fixation with 1.25% glutaraldchydc. 
After being washed three times at room temperature with 
phosphate-buffered solution, the slices were stained for 
/3-galactosidase with X-gal (5-bromo-4-chloro-indolyl /3-d- 
galactopyronoside) for 4 to 6 hours, as previously de- 
soribed. 15 Six slices were examined for each mouse. For 
quantitative analysis of gene expression, the total number 
of cells positively slaining for fJ-galactosidasc was counted 
per slice under magnification (X40), and a mean value 
was calculated for six slices. Then, overall mean values 
were determined for each group (i.e., 3-, 7-, 15-, 30-day, 
and control groups). With the aforementioned regimen, 
LucZ expression was represented by a nuclear-dominant 
blue color. 

Animal care. All animals received humane care in 
compliance with the "Principles of Laboratory Animal 
Care" formulated by the National Society for Medical 
Research and the "Guide for the Care and Use of Labora- 
tory Animals" prepared by the Institute of Laboratory 
Animal Resources and published by the National Institutes 
of Heahh (NfH publication.No. &v23, revised 1985). 

Statistical analysis. Numbers are expressed as mean ± 
standard deviation of the number observed. The differ- 
ence of the amount of gene expression was evaluated with 
analysis of variance. The level of significance was accepted 
as p < 0.05. 

Result 

Survival. All donor hearts resumed sinus rhythm 
after several minutes of reperfusion. Total ischemic 
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Kg. tC Successful gene transfer to ihc cardiac graft 
Hue spots) in smooth muscle cells of coronary vessels. 
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time of the dbnor hearts ranged between 45 and 65 
minutes. Nonsurvival rate, defined as survival for 
less than 24 . hours after transplantation, was less 
than 10%. All animals. surviving cardiac' transplan- 
tation! ived until they were sacrificed. All recipients 
had normal contractility of the transplanted heart 
when sacrificed. Aside from the /3-gaIactosidasc 
staining, the histologic appearances of both the 
experimental and control groups were normal. 

Infection pattern and time course of expression. 
Successful gene transfer and expression of 0-galac- 
tosidasc was documented in' all animals killed at 3, 
days. X-gal staining patterns revealed a nonuniform 
distribution; with- blue-colored positively staining 
cells appearing in cpicardial, myocardial, and endo- 
cardial cells, as well as in vascular walls (Figs. 1A, . 
IB, and 1C). The cells permissive to infection con- 
sisted predominantly of myocardial cells, and other 
myocardial structures were relatively well preserved 
(Fig. 1A). The mean total numbers of cells staining 
positively for 0-galactoside per slice were 68.7 ± 
27.3 in the 3-day group, 330.4 ± 53.8 in the 7-day 
group, 151.3 ± 48.0 in the 15-day group, and 39.9 ± 



10.8 in the 3Q-day group, peaking in the 7-day group 
0? < 0.05). Control isografts (n = 5), retrieved at 
day 30, revealed no staining activity (Fig. 2). 

Discussion 

The present study proposes a model for adenovi- 
rus-mediated gene transfer to transplanted cardiac 
grafts and confirms the findings of recent studies on 
direct gene transfer into murine coronary arteries.' 3 
Wc observed expression of the ImcZ gene, which is 
capable of producing the 0-galactosidase enzyme, in 
the epicardial, myocardial, and endocardial cells, as 
well as in tbc coronary vascular walls, up to 30 days 
after transplantation, which demonstrates that this 
technique is a feasible means of transferring genes 
at the time of harvest 

Since Wolff and associates 15 demonstrated that 
murine skeletal muscle can take up and express 
genes that have been injected directly into the 
muscle, both skeletal and cardiac myocytes have 
been found to be efficient targets for gene transfer. 16 
Several investigators have shown that expression of 
reporter genes injected into the skeletal or cardiac 
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post-transplant day 



Fig. 2. Life span of transfccled gene expression within 
the graft was analyzed by comparing the total number of 
cells staining positively for /^-galactosidase per slice 
between the groups. Gene expression was detected in 
the 3-day group, peaking at 7 days, and gradually 
declined thereafter. 



muscle was higher than for other injected tissues, 
including the brain, liver, spleen, uterus, stomach, 
lung, or kidney. 5,2, 15 Although the reason for such 
apparently superior results remains unclear, it has 
been hypothesized that structural differences, in- 
cluding the presence of multinucleated cells, a sar- 
coplasmic reticulum, and a rich T-tubule system in 
skeletal and cardiac muscle, may allow-better access 
of the gene to these cell populations. 1, ** 15 The 
mechanism whereby the gene injectate is taken up 
by muscular tissues is unknown. It has been reported 
that only cells directly adjacent to the injection site 
are transfected, suggesting uptake of deoxyribonu- 
cleic acid (DNA) through leaking cell mem- 
branes.* 6 This finding, in addition lo other experi- 
mental findings, raises questions about the clinical 
applicability of the direct injection method for trans- 
fection of human myocardium. These findings in- 
clude tbc small number of myocytes that can be 
transfected in vivo (as few as 60 to 100 cells per 
injection), complete transfection only at the cells 
bordering the needle tract, and the occurrence of 
inflammation, myocardial necrosis, and scar forma- 
tion along the needle tract. 1, 2 
• Unlike direct myocardial injection, transfection 
via the walls of the coronary vasculature can be" a 
useful means of gene transfer because of the poten- 
tially large absorptive area and widespread distribu- 
tion. In vitro endothelial or vascular smooth muscle 
cells expressing a recombinant gene can be im- 
planted on porcine endolhclium-denuded vessel 
walls in vivo 8, or on prosthetic interposition grafts 
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of canine carotid arteries. 9 However, this technique 
requires prolonged occlusion of the target vessels to 
facilitate adenovirus attachment lo the vascular 
wall, 8,10 and it has a limited human application 
because of the practical difficulty of obtaining endo- 
thelial cells in advance." Direct gene transfer into 
the unmodified vessels may overcome these prob- 
lems. Previous reports have proved the feasibility of 
direct in vivo gene transfer into bloodvessels. 11 ' 3, 17 
This study demonstrated that the recombinant ade- 
novirus vector is able lo transfer genes not only into 
the myocardial cells but also into the coronary 
arterial walls, the sites of local immune interactions 
after cardiac transplantation. 

Recently, the adenovirus vector has been shown 
to be efficient in transferring exogenous genes into a 
variety of cells both in vitro and in vivo." 1 ' 22 This 
vector has a number of advantages over other viral 
vectors. It is capable of infecting either nondividing 
or slowly proliferating cells, for example, vascular 
endothelial cells.'"' 23 Lemarchand and coworkers 10 
have observed that replication-deficient adenovirus 
vector can mediate detectable gene expression in 
normal endothelial cells. The present study demon- 
strates that coronary vascular cells with /3-galactosi- 
dase expression remain relatively intact microscop- 
ically. Other advantages of adenovirus vectors 
include the potential of generating viral stocks in 
excess of 1 X 10 u P.FU/ml, an ability to accept 
heterologous genes up to 7.5 kb in length, no 
reported associations with human malignancies, and 
a history of safe administration in human vaccines. 24 
Moreover, gene expression after adenovirus-medt- 
ated transfection in vivo could persist longer than 
odier viruses. The mechanism underlying this phe- 
nomenon is unclear, but persistence of a moderate 
degree of viral replication may be responsible. A 
potential downside of this continued replication is 
that it may lead to a powerful host immune response 
lo the infected cells.- 3 A long-term model would be 
needed to examine this possible adverse effect 

An additional limitation regarding the general- 
ized use of viral vectors has been the length of time 
required to generate each recombinant virus. Previ- 
ous study has shown that an 18- to 24-hour incuba- 
tion period is required to get the maximal lipofectin- 
mediated luciferase gene transfer in in vjtro 
endothelial coll cultures." Actually, such a long 
incubation period is not practical for in vivo gene 
transfer. In contrast, a considerable number (58%) 
of the endothelial cells expressed the /3-galactosi- 
dase when the adenovirus vector (Ad.RSV/3-gal) 



in 11:02 on line 14] for MR10031 printed 0 '2003 08:13 * Pg 7/8 
4 04O9729SDP033225O8 Wed Sep 24 23:. 42 2003 Page 7 of 8 



rbe Journal of Thoracic ar 
Cardlovasciiar Surgery 
Volume 1 11. Number 1 



U'eetaL 251 



was in contact with the endothelial cells for even as 
short a period as 15 minutes in in vitro endothelial 
cell culture.' 0 In the present study, the interval 
between the harvest and the reperfusion of the 
grafts (15 minutes of preservation in 4°C saline 
solution plus 45 minutes of room temperature ex- 
posure) was the incubation period. Clinically, the 
ischemic time of allografts provides a unique oppor- 
tunity for access to the allografts and a window for 
direct gene transfer. Further studies are necessary, 
however, to demonstrate whether gene traasfer can 
occur at hypothermic temperatures used for cardiac 
preservation. 

The analysis of the time course of gene expression 
in our model corroborates the results obtained by 
others. Lernarchand and associates 10 observed that 
expression with adenovirus vectors peaked at 7 days 
and then declined, so that expression was no longer 
evident at 28 days in the in vivo carotid artery and 
umbilical vein of the lamb. Acsadi and coworkers" 
demonstrated thai no £-ga!actosidase-posilive cells 
were seen 25 days after direct myocardial injection 
of pRSVLacZ, suggesting that injected DNA re- 
mains episomal and is lost over time because of 
rapid target cell turnover. Additionally, they found 
that luciferase activity was stable for 60 days in 
cyclosporine-treated rats compared with unstable 
expression in untreated rats, 2 suggesting that an 
immune mechanism may be responsible for gene 
elimination. Nabel, Pautz, and Nabel 23 observed 
that /3-galactosidase activity was expressed for at 
least 5 months after they transfected a segment of 
the. iliofemoral arteries with retrovirus in vivo, and 
all three layers o? the vessels including endothelial 
and vascular smooth muscle cells were infected by 
the retrovirus. Further efforts to increase the func- 
tional life span of viruses injected into infected 
organs need to" be explored. 

In summary, our model demonstrates that intra- 
coronary gene transfer to the transplanted murine . 
cardiac grafts is feasible at harvest. Adenovirus- 
mediated gene transfer produces widespread gene 
expression which, though perhaps transient, does 
not adversely affect myocardial structure or tunc- . 
lion. This technology may atlow modification of 
graft immunogenicity in the future by using gene 
sequences capable of encoding immunosuppressive 
proteins. However, further efforts directed at in- 
creasing the level of expression and the functional 
life span of gene sequences need to be applied for 
this technique to be useful in patients. 
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Discussion 

Dr. John E. Mayer (Boston, Mass.). Genetic modifica- 
tion of donor 'allografts by means of viral vectors offers an 
exciting potential avenue by which both acute and chronic 
rejection may be modified. 

Two questions have occurred to me. First, although 
much of your interest seems to have been focused on' 
endothelial cells and transplant atherosclerosis, the great- 
majority ef infected cells were myocytes. Do you have any 



explanation for this? Does this finding imply that a 
different viral vector may be necessary or should the dose 
of the vitas be greater? 

Second, can you speculate on which genes should be 
transferred into the donor hearts? I have wondered 
whether the donor celts could be induced to produce the 
same HLA antigens as the recipient. Do you have anv 
other ideas concerning which genes could be transferred 
into the donor organ? 

Dr. Lee. Dr. Mayer, thank you for your comments and 
questions. First, our model was the first slep study to 
evaluate the. spatial and temporal expression pattern of 
adenovirufi-mediated gene transfer in the transplanted 
mouse heart. It is true that the endothelial cells arc 
thought to be among the useful targets to transfcet genes 
to modulate local immune responses after cardiac trans- 
plantation because of their large absorptive area and 
widespread distribution. Recently, adenovirus vector has 
been shown to he an efficient tool to transfect genes even 
into nondividing or slowly dividing cells like myocardial or 
endothelial cells in both in vivo and In vitro studies. As 
you commented, our results revealed that myocardial cells- 
were more efficiently transacted than the endothelial 
cells. However, the gene expressions in both myocardium 
and endothelium of the coronary vascular beds, the sites 
of local immune responses, were demonstrated in this 
study. This may justify the possible role of this approac h to 
treat either transplantation coronary artery disease or 
graft rejection. The relative clficicncy of transfection to 
the different cell types is to be studied further. 

Second, there is no doubt that the long-term goal of 
these experiments is to develop the methods to express 
the transferred genes and to produce biologically active 
proteins in quantities sufficient to modulate local immune 
responses. Application of this technology using gene 
sequences for immunosuppressive cytokines including 
transforming growth factor-0 (TGF-/3) and interIeubn-10 
is currently underway with favorable results. Further efforts 
should be directed toward ways to increase the functional life 
span and rate of infection of these inserted gene sequences 
for this technology to be clinically applicable. 

Dr. John H. Kennedy (Cambridge, Engkmd). Homocys- - 
tine has recently been implicated as a risk factor in 
atherosclerosis, and the cytomegalovirus family of vtruses 
is thought to invoke this response. Homocystine remains 
in tissue or body fluids for as long as 10 years. If you have • * 
any frozen material, it might be interesting to see whet her 
a different virus would be more useful in your particular -.4 
model if you are interested in graft rejection and acceier- 
ated atherosclerosis. ■ 
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myocytes and vascular smooth muscle cells in vitro 
using herpes virus vectors 
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' Herpes' V« vmi 1 \HSV1), \*Kl!<f usually thought of as 
he&hiropms, cm al-o etfickritlf infect a wide variety of 
Hdh eioarohallollhpes n d so- might be developed as a 
y\etlorfoi 'gere delivery to non-neuronal as well as neu- 
tonpl, cells Met? M hive tested threi; different disabled 
ftsYiecto*r£lor (tieu ability to 'deliver a l&cZ gens to pn- 
' Mricaltlla'clWotyta', ?i)d vascular smooth muscle cells 
^(f-aseli the mo t efficient virus to transfectthe 
^^^^^^iss$ssed the degree of cyto- 
€tet%e vanous viruses on the cardiac myocytes 
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had been deleted gave'hlgh efficiency gene transfer, to ft 
cardiac myocytes in vitro and the rat heart in. vivo, yirur J 
in which 1CP34.5 or ICP34.S and VMW65 were inar 
(and which were also unable to replicate: in these c 
gave a much lower efficiency of gene transfer, mirror^ 
the degree of cytopathlc effect observed in the beaffi 
myocyte cultures. Gene transfer to the vascular smoo. 
muscle cells- was considerably less efficient than to A 
myocytes in all cases.- These results indicate that wli 
HSV may be Inappropriate for highly efficient gene fransn 
to the arterial wall, efficient gene, transfer can be achief' 
in the myocardium, and thus that HSV vectors may best 
able for the alteration of cardiac cell physiology In vivo;% 
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Introduction 

A variety of methods are under development for gene 
transfer to the myocardium and coronary vasculature, 
including the use of adenoviral vectors and the direct 
injection of plasmid DNA (reviewed by Nabel 1 ), where 
it is hoped that they may in the future allow the treat- 
ment of a number of cardiovascular diseases through the 
expression of therapeutic gene products. Example 
conditions for which gene therapeutic protocols can be 
envisaged include ischaemic heart disease or in restenosis 
prevention Mowing percutaneous transluminal coron- 
ary angioplasty. 

Herpes simplex virus 1 (HSV1) has been proposed as a 
candidate vector for gene delivery to the nervous systems 
(reviewed by Coffin and Latchman 2 ) as it can produce a 
lifelong latent infection in neurons. However, HSV1 can 
also infect a wide range of other cell types and could 
therefore be used for gene delivery to non-neuronal cells 
as long as lytic infection were inhibited. Indeed HSV has 
recently been used to deliver hcZ to mouse smooth 
muscle cells in vitro and in vivo? Moreover the parti- 
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cularly stable DNA structure formed by nonreplicating 
HSV genomes may be particularly suitable for allowing 
long-term generic correction in nondividing cells. HSV is 
highly pathogenic and thus must, like most other viral 
vectors, be disabled in some way. Most replication defec- 
tive HSV-1 vectors contain a deletion to remove one or 
more immediate-early QB) genes in order to prevent 
virus replication at the earliest possible time after infec- 
tion. These genes must be complemented in trans for 
growth in culture. Alternatively, either an inactivating 
mutation in the gene encoding VMW65 (which trans- 
activates EE genes after infection) can be used to produce 
a nonpathogenic virus, or genes necessary for replication 
in particular target cell types can be removed. A mutation 
of this last type is provided by removal of the ICP34J 
gene which prevents replication in some fully differen- 
tiated cell types (including neurons) but which srJB 
allows virus growth in actively dividing fibroblasts is 
culture. 4 Here we have tested disabled viruses of these 
(or combinations of the three) types for the ability tc 
direct 0-galactosidase (tocZ) expression in cultured rat 
cardiac myocytes, primary rat aortic vascular smooth 
muscle cells (VSMCs), and a VSMC cell-line in vitro, and 
also tested the most efficient virus in the rat heart in vivo. 
These viruses were either deleted for ICP34.5, ICP345 
with VMW65 inactivated, or deleted for IE2 (encoding 
essential immediate-early protein ICP27). Thus while 
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wild-type HSV is highly neurotrophic, these various 
deletions of the HSV genome would prevent any possible 
neurological complications when using such vectors for 
gene delivery to non-neuronal cells. However, while 
ICP34.5-deleted viruses have already been tested and 
been shown to give safe transgene delivery to the mouse 
and rat central and peripheral nervous systems in vivo 
(manuscript submitted), their efficiency for gene delivery, 
their replication status and the degree of cytopathic effect 
(CPE) produced in cardiac cells or VSMCs were 
unknown at the begining of this study. 

Results 

Experiments were performed both to assess the efficiency 
of gene transfer to the cardiomyocytes and vascular cells 
and to assess the degree of cytotoxicity of the various 
viruses. Thus cell cultures were infected with a number 
of viruses carrying the lacZ gene: a nondisabled virus 
(BE8), S viruses disabled by the removal of ICP34.5 6 or 
ICP34.5 together with the inactivation of VMW65 7 
(1716/IacZ or 1764/IacZ), or a virus with the essential IE 
gene encoding ICP27 inactivated (27-lacZ). s Cells were 
then either stained with X-gal at 1 or 3 days and blue 
cells counted as a means of assessing the efficiency of 
gene delivery, or the health of the culture roughly 
assessed by counting the frequency of beating (beats per 
min) in synchronously contracting myocyte cultures, as 
compared with an uninfected control at 1 day, 2 days and 
5 days after infection. Healthy, recently isolated cultures 
of rat newborn cardiomyocytes contract in a regular and 
synchronous fashion for a number of days, although they 
are highly sensitive to physiological or other insult dur- 
ing this time. The degree of virus replication was 
assessed by removal of the supernatant from the cultures 
and titration (followed by plaque counting) on a suscep- 
tible cell line (BHK C-13, or BHK C-13 expressing ICP27). 

X-gal staining 

Bearing in mind the beat frequency data below (see Table 
1), which shows that at multiplicities of infection (MOD 
>1 there is considerable cytotoxicity even for the dis- 
abled viruses, the X-gal staining experiments were all 
performed at MOI = 1. As can be seen from Figure la, 
all the viruses can deliver kcZ to the cardiomyocytes, 
although in accordance with the beat frequency data 
below, the efficiency of gene transfer varies significantly. 
However as in each case (except for BE8) there was little 
difference between the numbers of blue cells after 1 day 
or 3 days, it appeared likely that all the disabled viruses 
were incapable of replication in the cardiomyocytes. This 
was confirmed by the virus titration experiments which 
showed that while large numbers of plaques were gener- 
ated on BHK cells by the supernatant harvested from 
cardiomyocytes 3 days after inoculation with BE8, no pla- 
ques were generated from the supernatant after inocu- 
lation with 1716/lacZ, 1764/kcZ or 27-lacZ (in this last 
case titrated on a BHK cell line expressing ICP27). 

The nondisabled virus (BE8) gave a high proportion of 
stained cells, but with a high degree of accompanying 
cell death, showing not only the ability of HSV to infect 
and replicate in cardiomyocytes, but also the requirement 
for effective disablement of an HSV vector. However, 
while the viruses with either ICP34.5 or ICP34.5 and 
VMW65 removed gave only a relatively low number of 



blue staining cells, 27-lacZ produced both a very high 
percentage of blue cells and little visible CPE. This sug- 
gests that the absolute block to replication provided by 
this mutant, and the probable lower level of virus gene 
expression is more effective at generating an efficient and 
non-cytopathic vector for cardiac cells than removal of 
ICP34.5 or ICP34.5 and VMW65. This difference may be 
due to the specific function of ICP34.5 in some cell types 
(see Beat frequencies and Discussion) which might pre- 
vent efficient lacZ expression. 

While the primary rat cardiomyocytes were evidendy 
highly infectable by HSV (either wild-type or disabled), 
the primary aortic vascular smooth muscle cells were 
considerably less susceptible, as even the nondisabled 
virus gave only a considerably lower percentage of X-gal 
staining cells even at higher multiplicities of infection 
than used for the cardiocytes above (MOI of 5 instead of 
1; Figure lb). However, of the disabled' viruses 27-tocZ 
again gave the best results, with only a few cells staining 
with X-gal when infected with the ICP345 or 
ICP34.5/VMW65 deleted virus (again at MOI = 5). While 
these primary cultures of vascular smooth muscle cells 
could be infected by HSV, albeit at lower efficiency than 
the cardiomyocytes, the vascular smooth muscle cell line 
used gave no blue cells even at MOI > 10 with 27-fecZ, 
and only a few blue cells when infected with BE8 at high 
MOI. HSV is therefore inappropriate for gene delivery to 
these cells in culture. 

Beat frequencies 

Table 1 shows the results of the beat frequency exper- 
iments after inoculation of the cardiomyocytes with the 
various viruses at multiplicities of infection (MOI) of 0.5, 
1 and 5. The nondisabled virus (BE8) showed marked 
cytotoxicity after 1 day, with little and irregular beating 
at MOI = 1 and no beating at MOI = 5. By day 2, some 
recovery had occurred at MOI = 1 although beating was 
slightly higher than mock-infected frequencies 
(approximately 200, as against approximately 150) and 
still irregular. All the cells were dead by day 5. 1716/lacZ 
and 1764/kcZ showed beat frequencies at near to mock- 
infected levels at MOI =s 1 after 1 day, although at higher 
multiplicities of infection beat frequency was reduced. At 
day 2, the cells infected at lower multiplicity were still 
beating although at below mock levels, while with the 
higher multiplicities beating had essentially stopped. The 
cells were again dead by day 5. The removal of ICP27 
gave a considerable improvement in cell survival and 
beat frequency at MOI =s 1, with at day 1 near to mock 
levels, day 2 half way between mock and 1716/lflcZ or 
1764/lacZ levels, and at day 5 the cells were still beating 
slowly. At higher MOI, beat frequencies were more mark- 
edly reduced at all time-points. However, at day 5 even 
mock-infected cultures are no longer beating stably, with 
high speed, unsynchrordsed contractions (fibrillation). 

These results show that while all the disabled viruses 
are incapable of replication in the cardiomyocytes (see 
above), only the removal of ICP27 generates a vector in 
which the toxic effects of infection have been reduced sig- 
nificantly, as at an MOI 1 beat frequencies are similar 
to mock-infected controls. The deletion of ICP34.5 or 
ICP34.5 and VMW65, while preventing replication, does 
not provide a vector in which the cytotoxic effects of 
infection have been very significantly reduced (although 
the effects are considerably lower than with BBS which 
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Figure 1 (Continued). 
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gives a lytic infection in these cells). This might be for 
two reasons: firstly removal of ICP345 (and VMW65 in 
the case of 1764//acZ) may still allow the expression of 
many potentially cytotoxic HSV gene products, parti- 
cularly the IE genes, which may account for the effects 
we have observed, or secondly in the absence of ICP34.5 
protein synthesis might be shutdown in the infected cells 
which might also account for the effects on beat fre- 
quency. This type of response has been noted previously 
m a neuronally derived cell line' (although it is not seen 
m other nonpermissive cells), 10 -" where it was suggested 
that (he natural response to infection by an 1CP345- 
delefed virus in these cells was a shutdown in protein 
synthesis, possibly leading to apoptosis, which would 
limit the extent of the infection in the host, but which 
was blocked by the expression of ICP34.5. 

In vivo gene dettvery to the heart 
To assess whether the apparent utility of HSV vectors for 
Hie heart m vitro was reflected hi efficient delivery to the 
heart m wwi, the most successful mutant in vitro (deleted 
lor ICP27) was used in vivo in the rat heart. For these 
STf intramyocardial injections were made 
directly through the chest wall of anaesthetised adult 
tens rats after locating the heart by palpatio* Be rats 

^ removed fix«J and stained with X-gaL As can be 

J'f*; 2 effida } t & ene ddiva y achieved 
in Ae adult rat myocardium as large areas staining with 

^•n a ?J W ,l een J ar ° Und * e inoculated The rats 

minimal However, as would be exrxvfftt ft™, „ 
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mamtam a lifelong latent infection might provide a 
means by which neuronal physiology could be altered in 
the long term after a once-only application of such a vec- 
tor system. However HSV can also efficiently infect many 
other cell types and in some circumstances might provide 
specific advantages over other vector systems, parti- 
[f-l cularly in the delivery of genes to terminally differen- 
tiated cells such as those of the myocardium, where very 
long-term gene expression from latent virus might be 
envisaged, or where large genetic insertions might be 
required. HSV does not have the packaging constraints of 
other viruses, potentially allowing the use of large control 
DNA regions which might be important for correct cell 
type-specific gene expression. Indeed HSV has recently 
been shown to be efficient at delivering lacZ to skeletal 
: muscle cells in vivo. 3 However, to exploit HSV as a vector 
it must be disabled to nmurnise the effects on the target 
cell, and a number of strategies for this have previously 
been employed. These have included the deletion of 
.-■j essential genes, allowing virus growth only in a comp- 
lementing cell line and the deletion of genes which 
specifically prevent growth in target cells but still allow 
growth in culture. For neurons these have included genes 
■ such as ICP6," mymidine kinase' 5 and ICP34V only the 
last of which provides an absolute block to a productive 
Infection in these cells. Here we have tested and com- 
pared viruses disabled by both these means and showed 
:hat while viruses deleted for the essential IE gene ICP27 
.'and therefore grown on ICP27 expressing cells) provide 
sfficient and relatively noncytopathic vectors for cardio- 
myocytes in vitro and the rat myocardium in vivo, 
ieletion of ICP34.5, while preventing replication in these 
:ells, does not allow efficient gene delivery. We have also 
shown that in vitro HSV is less efficient for gene transfer 
i :o VSMCs, although this was not tested in vivo. 
"; It has been speculated that delivery of a number of 
jenes to the myocardium, particularly HSPs, might 
>rotect against the effects of ischaemia," and indeed 
ransgenic mice overexpressing HSP70 are significantly 
>rotected." It has also been shown that fibroblast growth 
actor (FGF) when delivered to porcine iliofemoral 
tfteries can induce angiogenesis." While a number of 
'ector systems have been tested for in vitro or in vivo gene 
lelivery, including adenoviral vectors, retroviral vectors, 
iposomes or the direct injection of plasmid DNA 
reviewed by Nabel 1 ), none provides an optimal gene 
lelivery system under all circumstances. HSV has pre- 
viously been shown to allow delivery of lacZ in a nonvas- 
ularised cardiac transplantation model in the mouse 
/here, neonatal whole hearts were removed, inoculated 
■rith virus, and placed subcutaneously far the ear pinna 
f recipient mice. 17 Our experiments further show that 
! ISV could be developed as a vector system to deliver 
ome or all of these genes to the myocardium, and that 
, : might provide advantages in some circumstances, for 
xample for long-term or tissue-specific expression. For 
i lese reasons we are currently developing herpes vectors 
J express a number of HSPs and FGF to allow the poten- 
al of HSV for altering cardiac cell physiology to be 
is ted in vivo. 

Materials and methods 
■ardlocyte cell culture 
1 entricular myocytes from the hearts of <2-day-old neo- 
atal Sprague-Dawley rats were isolated and cultured as 



previously described. 18 - 20 Cardiocyte cultures under 
these conditions start to beat in synchrony within 
24-48 h of isolation, the percentage of beating cells 
exceeding 85% for the duration of the experiment Cells 
grown on laminin-coated coverslips were used for immu- 
nofluorescent staining with an antimyosin antibody 
(Amersham International, Amersham, UK) to confirm the 
proportion of cardiocytes staining for myosin heavy 
chain. J 

Vascular smooth muscle cell (VSMC) cultures 
Primary VSMCs were produced by removal of the 
thoracoabdominal aortas of 3-month-old male Wistar rats 
which were then stripped of endothelium and adventitia 
Medial VSMCs were obtained by the combined 
collagenase/elastase digestion method. 21 Isolated cells 
were maintained in Dulbecco's modified Eagle's medium 
(DMEM), 10% fetal calf serum, 50 mg/ml penicillin, 50 
mg/ml streptomycin (all Gibco, Gaithersburg, MP, USA) 
at 37°C with 5% C0 2 . VSMCs were identified by their 
characteristic morphology and immunostaining for sm- 
myosin (M-7648 from Sigma, Poole, UK). At confluence, 
cells were passaged using 0.25% trypsin, 3 kim EDTA and 
were used at passage 4-6 for these experiments. The 
VSMC cell line used is an SV40-transformed rat abdomi- 
nal aorta smooth muscle culture obtained from the Amer- 
ican Type Culture Collection ( ATCC-CRL201 8, RockvUle, 
MD, USA). 

Virus stocks 

Herpes virus strains used were BE8 (an essentially wild- 
type virus with a CMV IE promoter/focZ insertion into 
a nonessential gene (US5)) 5 and three disabled viruses 
1716/kcZ, 1764/iicZ and 27-fecZ. 8 1716/focZ and 
1764/kcZ were produced by the insertion of a chiinaeric 
herpes latently active transcript (LAT)-Moloney murine 
leukaemia virus long terminal repeat (MoMLVLTR) 
promoter//acZ cassette into the UL43 gene of HSV1 
strains 1716 and 1764 respectively, by standard methods. 2 
1716 Is deleted for both copies of ICP34J5, 6 and 1764 also 
has an inactivating insertional mutation in the gene for 
VMW65. 7 UL43 is a nonessential HSV gene, unnecessary 
for growth in culture and which does not affect the kin- 
etics of the establishment or reactivation from latency in 
vivo. 72 27-lacZ has an ICP6 promoter/ZacZ- insertion into 
the gene encoding the essentail IE protein ICP27. 8 

In vivo Inoculation 

Approximately 20 u.1 intramyocardial injections of 27-fecZ 
(5.x 10 s pi.n./ml) were made directly through the chest 
wall of anaesthetised adult Lewis rats after accurately 
locating the heart by palpation. The rats were allowed to 
recover and after 2 days were killed, the heart removed, 
fixed and stained with X-gal. 

X-gal staining 

Culture medium was removed from the cells which were 
then fixed in 4% paraformaldehyde at room temperature 
for 15 min. After washing twice in phosphate buffered 
saline (PBS), cells were then stained with X-gal for 
approximately 1 h at 37°C in 5 irai potassium ferrocyan- 
ide, 5 mM potassium ferricyanide, 2 mM magnesium 
chloride, 0.02% NP40, 0.02% sodium deoxycholate, 1 mg/ 
ml X-gal (Sigma, Poole, UK) in PBS. Whole hearts inocu- 
lated in vivo were removed from the animal after death 
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and treated similarly except that the fixing step was 
extended to 1 h and incubation in X-gal to 4 h. 
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Objective: The ability to transfer genes to adult myocardium may have 
therapeutic implications for cardiac transplantation. We investigated the 
feasibility of adenovirus-mediated transfer of marker genes LacZ and Lucif- 
erase, as well as the potentially therapeutic gene of the human ^-adrenergic 
receptor in a rat heterotopic heart transplant model. Methods: Donor hearts 
were flushed with W 1 total viral particles of one of three Iransgcnes. Hearts 
were harvested at various time points after transplantation. lacZ-treated 
hearts were assessed by histologic staining and Ludfirwte -t r«i ted hearts were 
assayed for specific luminescence activity. Hearts treated with fe-adrenergic 
receptor underwent radioligand binding assays and innminohistochetrtistry 
with the use of an antibody spedfie for the human 0 2 -<adrenergic receptor. 
Results: LacZ hearts revealed diffuse myocyte staining as opposed to none 
within controls at 5 days. Lucifmtse hearts demonstrated a mean activity of 
970,000 ± 220,000 arbitrary light units versus 500 ±. 200 for the controls (p = 
0.001). Total fe-adreoergic receptor densities {fimol/mg membrane protein) for 
hearts that received the /^adrenergic receptor transgene at 3, 5, 7, 10, and 14 
days after infection were as follows: right ventricle, 488.5 ± 126.8, 519.4 ± 
81.8,* 477.1 ± SL8,* 183J) ± 63* and 82.7 * 19.1; left ventricle, S1L0 ± 167.6, 
1206.4 ± 32L8* S2S3 ± 188.7, 183.5 ± 18.6,* and 753 ± lSJt (*p < a05 vs 
control value of 75.6 + 6.4). Itnmunohistochemical analysis revealed difiise 
staining of varying intensity within myocardial sarcolemmal membranes. 
Conclusions: We conclude that global overcxpresswn of (liferent transgenes is 
possible during cardiac transplantation and, ultimately, adenovirus-mediated 
gene transfer may provide a unique opportunity for genetic manipulation of 
the donor organ, potentially enhancing its function. (J Ttaorac Cardiovasc Sorg 
1998;115:623-30) 



ItiOardiac gene transfer refers to the alteration of 
H'Othc genetic content of cells within the heart. 
piTypically this is facilitated by the vector-mediated 
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addition of a foreign gene. The further development 
of such technology might allow novel therapeutic 
approaches in the treatment of cardiovascular dis- 
eases. However, lack of effective and clinically ap- 
plicable gene delivery systems resulting in high 
levels of transgene overexpression has been a major 
obstacle for successful cardiac gene transfer. To 
date, the adenovirus has proved to be a fairly 
reliable vector for cardiac gene transfer, because it 
has the characteristic of being able to infect nondi- 
viding cells, which is an absolute requirement for the 
terminally differentiated myocyte. Direct injection 
of plasmid deoxyribonucleic acid (DNA) results in 
localized gene delivery and is not clinically applica- 
ble. 1 " 4 Percutaneous in vivo delivery systems, such as 
coronary artery catheterization in rabbits 5 *'' and 

623 
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dogs, 7,8 have had variable success, are difficult to 
reproduce, and infect a limited region of the heart. 
Ex vivo delivery systems, sucli as during cardiac 
transplantation, are clinically relevant and have 
been shown to allow gene transfer by several differ- 
ent vectors.^ 13 

The application of gene transfer to cardiac trans- 
plantation is especially appealing because of the 
direct access to the donor organ at the time of 
harvest. One could potentially transfer the foreign 
genetic material at that time, and expression of the 
transgene could be evident within 12 to 24 hours. 
This has been demonstrated in mice, rats, and 
rabbits. 9 " 13 Most of these reports however, have 
focused on the use and bverexpression of a marker 
genc. Because of differences in individual transgene 
factors such as transgene immunogenicity, the ex- 
pression of one transgene does not necessarily cor- 
relate to the expression of others. Thus in this report 
we attempted 10 deliver three different transgenes to 
the myocardium, including the human ^-adrenergic 
receptor (/3,-AR). If myocardium-targeted overex- 
presskm of B 2 -AR occurs, cardiac function might be 
enhanced, as has been shown in transgenic mice. 14 

Materials and methods 

Construction of recombinant adenovirus. Construction 
of the cytoplasmic ^-galactosidase expressing adenovirus 
(Ad.LacZ) has been described elsewhere" The Lucif- 
Crase expressing adenovirus (Ad.Luc) was a kind gift from 
Dr. R. Gerard (University of Texas, Southwestern Medi- 
cal Center). Construction of tlie human 0 2 -adienergic 
receptor (Ad.0 2 -AR), cell culture conditions, and virus 
preparation have been described in detail elsewhere." 1 

Animals. All procedures and protocols were approved 
by tbe Animal Care and Use Committee of Duke Univer- 
sity. Adult male Long Evans rats (250 to 300 gra), 
obtained from Harlan Sprague Dawley, Inc. (Indianapolis, 
Ind.) were housed under standard conditions and fed a 
standard diet and water. All animals received humane 
care in compliance with the "Principles of Laboratory 
Animal Care" formulated by the National Society for 
Medical Research and the "Guide for the Care and Use of 
Laboratory Animals" prepared by the Institute of Labo- 
ratory Animal Resources and published by the National 
Institutes of Health (NIH publication No. 85-23, revised 
1985). 

Heterotopic heart, transplantation. Heterotopic intra- 
abdominal heart transplantation was performed using the 
technique as previously described by Ono and Lindsey. 17 
In brief, both donor and recipient underwent anesthesia 
with a mixture of ketarnine (50 mg/kg) and xylazine (5 
mg/kg) injected intraperitoneally. The donor was hepa- 
rinized. A clamshell incision was created to expose tbe 
thoracic organs. Donor hearts were arrested with 5 ml of 
normothennic Roe's cardioplcgic solution (20 mEq KC1, 
27 mEq NaCl, 3 mEq MgSO.,. 250 mg metliylprednisolonc 
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sodium succinate, and 2.25 mEq NaHC0 3 for a pH 0 f 
7.4). Cardiectomy was performed and 1 ml of adenoviral 
solution (10 12 total viral particles) was rapidly injected 
into the aortic root. 

At this point, attention was turned to the recipient. Ths 
infrarenal aorta and vena cava were exposed via a midline 
abdominal incision. An end-to-side anastomosis was per- 
formed between the donor and recipient aorta followed by 
an end-to-side anastomosis of the donor pulmonary artery 
to the recipient vena cava. Bleeding was controlled with 
direct pressure. All hearts resumed normal sinus rhythm 
within 5 minutes. Total ischemic time was between 30 and 
50 minutes. Dnring transplantation, the heart was 
wrapped in gauze and kept at approximately 4° C through 
use of topical iced saline solution, although myocardial 
temperature was not measured. After completion of each 
procedure, the rats recovered under a heat lamp. They 
were then returned to their cages and allowed free access 
to food and water. Abdomens were palpated daily to 
assure a functioning graft. 

Experimental design. To assess gene transfer of the 
marker gene LacZ, we gave one group of rats {n — G) the 
Ad.LacZ solution and another group (« - 6) the control 
solution eontaimng an adenovirus that docs not express a 
transgene (Ad.MT). Both groups of rats were put to death 
5 days after transplantation. To assess successful transfer 
of the Lticifem/se marker gene, we injected one group of 
rats (n — 6) with Adluc and the control group (/j = fi) 
with Ad.MT. Both groups were put to death 5 days after 
transplantation. To determine gene transfer of the |3 Z -AR, 
one group (» - 6) received Ad.^-AR and the controls 
(n = 6) received Ad.MT. Both of these groups were put to 
death 5 days after transplantation and all hearts were 
divided into three samples: (1) left and right atria, (2) 
right ventricle, and (3) left ventricle. Furthermore, groups 
of three rats each were then infected with Ad.JJj-AR and 
put to death 3, 5, 7, 10, and 14 days after transplantation. 
Likewise, all hearts were divided into the previously i 
described three samples. 

/3-Galactosidase staining. Hearts were excised, rinsed 
in isotonic saline solution, frozen in a dry ice/isopentane 
solution, and stored at -80° C Specimens were mounted 
on a freezing microtome and 10 fan sections were trans- 
ferred to glass slides pretreated with amtnoalkylsilane 
(Sigma Chemical Company, St. Louis, Mo.). Sections . 
were fixed in 10% formalin for 2 minutes at room 
temperature and washed twice in isotonic saline solution. 
/J-Galactosidase staining was carried out in 2 mmof/L - 
K 4 Fe(CN) 6 , 2 mmol/L K 3 Fe(CN) 6l 2 mmol/L MgClj, Oi 
mg/ml X-gal (5-bromo-4nAloro-3-indoyl-p-D-gHlactopyr- 
anoside) in trometbaminc-buffered saline solution, pH 
7.4. After being stained (usually 30 minutes to 2 hours), 
the sections were rinsed in tromethamine-buffered saline 
solution and counterstained with eosin. 

Luctferase assays. Hearts were excised, rinsed in iso- 
tonic saline solution, and weighed. One milliliter per grain 
of tissue of 5 mmol/L tromethaminc/HCl (pH 7.4). 132 
mmol/L NaCl, and 0.5 mmol/L of ethylcncdiaminctet- 
raacetic acid (EDTA) was added. Specimens were homog- 
enized with a Polytron homogenizer (Brinkman Instru- 
ments. Westbnry, N.Y.) and flash-frozen in liquid 
nitrogen. After one frcczc/thaw cycle, the homogejiaic .. 
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Kg. I. A, Cross section of a rat heart taken at the mid-ventricular level (2SX magnification) 5 days after 
AcLLacZ. infection. B, Same view at higher magnification (100x). Notice individual myocyte staining. 



centrifiiged at 10,000g for 2 minutes and the super- 
it was saved and assayed for Luciferuse activity ac- 
ting to the manufacturer's instructions (Promcga 
Hp., Madison, Wis.). In brief, in a 1.5 ml screw-cap 
[Jendorf tube (Sarstcd, Imx, Newton, N.C.), 2 /J of the 
pract was added to 18 fil of Ix reporter lysis buffer 
-Jmega), Iwenty microliters of reconstituted iMciferase 
ty substrate (Promega) Was added and incubated for 2 
feuites at room temperature. Photon production was 
j|n measured in a scintillation counter in single photon 
pjjntaig mode (Beckman Instruments, Inc., Fullerton, 



p-AR binding assays.. Membrane fractions were pre- 
pared from hearts and resuspended in binding buffer (75 
mmol/L tromethamihe-HCl, pH 7.4/123 mmol/L U%OJ2 
mmol/L EDTA). Binding assays were performed on 25 jig 
of membrane protein using saturating amounts of the 
^-AR-specific ligand [ _Iis r]cyanopindolol (300 pmol/I,). 
Nonspecific binding was determined in the presence of 20 
pimol/L alprenoloL Reactions were conducted in 500 ixi of 
binding buffer at 37° C for 1 hour and terminated by 
vacuum filtration through glass-fiber filters, 0, and ft 
subtype proportions were determined by competition with 
varying doses of the fe-sekctivc ligand ICI 118,551: All 
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Fig. 2. 0-AR density in native recipient hearts (n = 6), 
control transplanted hearts after Ad.I-acZ delivery (« = 
6), and in /3 z -AR-lreated hearts (n = 6) 5 days after 
transplantation, 'p < 0.02 versus controls. 



assays were performed in triplicate, and receptor density 
(fmol) was normalized to milligrams of membrane pro- 

Immunobistocbemlcal labeling. Frozen sections were 
cut at 10 fun for indirect immunofluorescence studies. 
Sections were rinsed three times for 3 minutes in phos- 
phate-buffered saline solution (PBS) and 3 minutes in 
PBS with 0.05% octyphenoxy polyetboxyethanol (Triton 
X-100; Union Carbide Corp', Danbury, Conn.) (Triton- 
PBS), blocked with serum diluent (10% goat serum in 
PBS with 0.1% bovine serum albumin and 0.1% sodium 
azidc), and then rinsed for 15- minutes in Triton-PBS 
before overnight incubation at 4° C with a primary rabbit 
antihuman Aj-AR antiserum 18 (1:500 dilution in serum 
diluent). The sections were then washed four times for 10 
minutes in Triton-PBS at room temperature and incu- 
bated for 1 hour in fluorescein isothiocyanate-conjugatcd 
goat antirabbit immunoglobulin G (1:50 dilution m serum 
diluent)- After five 3-minute rinses in PBS, the sections 
were mounted with sodium iodide (25 gm/L) in 1:1 
PBS/gfycero! solution and photographed. 

Statistics! analysis. Quantitative data such as myocar- 
dial Lucifemse activity and /3-AR density after adenoviral 
transgene delivery is expressed as tbe mean ± standard 
error of the mean. Tbe difference in the level of transgene 
expression between control and infected hearts was eval- 
uated with Student's I test. 

Results 

Survival. Approximately 10% of all rats that un- 
derwent transplantation died within 24 hours of the 
operation. Deaths were equally distributed among 
the groups. No animals died if they survived the first 
24 hours after transplantation. All hearts were in 
normal sinus rhythm at time of explanation. Histo- 
logic examination revealed no abnormalities and 
differences between the experimental and control 



groups at all the various times when the animals 
were put to death. 

LacZ overexpression. All hearts that underwent 
infection with Ad.LacZ demonstrated diffuse stain- 
ing throughout both ventricles, as well as both atria. 
Staining was nonuniform and myocytes staining blue 
were found throughout the various layers of the 
myocardium, with little evidence of endothelial cell 
infection (Fig. 1). None of the control hearts stained 
positive for /3-galactosidase. 

Lucifemse overexpression. All hearts that under- 
went infection with AdJLuc demonstrated significant 
overexpression (970,000 ± 220,000 arbitrary light 
units) as compared with the controls (509 ± 200 
arbitrary light units; p = 0.001). Because whole 
hearts were homogenized for this assay, determina- 
tion of the distribution of this transgene was not 
studied. 

Human fJ 2 -AR time course of overexpression. 
Hearts injected with Ad./3 2 -AR revealed marked 
overexpression in both the right and left ventricles 
as compared with the control hearts (Fig. 2). This 
represents an approximate sixfold increase in the 
right ventricle and fourteenfold increase in the 
left ventricle. The fraction of /3 2 -ARs increased to 
90% in the left ventricle from a fraction of 30% in 
the control hearts, demonstrating that the in- 
creased 8-AR density was due exclusively to 
/3 2 -AR overexpression. Furthermore, immunohis- 
tochemical analysis for the human /3 2 ~ A R re ~ 
vealed several areas of diffuse staining of myocar- 
dial sarcolemmal membranes of various 
intensities (Fig. 3). 

In rats put to death 3 to 14 days after transplan- 
tation, peak overexpression occurred at 5 days, and 
/3-AR density was back to control values by 14 days, 
although at 10 days overexpression was still signifi- 
cant. The atria exhibited the same temporal pattern 
of overexpression as the left ventricle, whereas 
overexpression in the right ventricle peaked at 3 
days and remained at that level for the first 7 days 
before returning to control values by postoperative 
day 14 (Fig. 4). 

Discussion 

The milieu of the heart during transplantation is 
an ideal situation for the introduction of foreign 
genetic material into cardiac myocytes. Gene trans- 
fer to the donor organ, at the time of harvest, can : 
easily be accomplished with an adenoviral vector. 
The role of gene transfer for the treatment of 
cardiac disorders is evolving and may potentially 
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Kg. 3. Representative immunohislochemical detection of expressed human 0 2 -ARs 5 days after 
Ad./32-AR delivery to transplanted ra( hearts. A, Cross-sectioned myocytes at 25X magnificalion. B, 
Longitudinally sectioned myocytes al lOOx magnification. 



|Wde .applications for the treatment of congestive 
|l failure, transplant rejection and dysfunction, 
P??chemic heart disease. However, it remains to 
£n whether different Iransgenes that would be 
pjred to treat these disorders can be directed to 
vcrexpresscd in the human myocardium under 
wtditions of current technology. 

*tly, the adenovirus vector has been shown 
e increased efficacy of gene transfer into cells 
*tn vivo and in vitro. 6 - 12,6 Recombinant 
ral vectors have a number of advantages 
lather riral and nonviral vectors. Adenoviral 
provide efficient transfer into' cells that are 
pally differentiated. They can be made replica- 
"^cient, can be produced in high titer, and can 



carry up to 7.5 kb of exogenous genetic material.'" 
Therefore this study took advantage of these char- 
acteristics to test delivery of three different trans- 
genes, one with a potential future application of 
improving myocardial contractility. 

The present study demonstrates that the time of 
cardiac transplantation is an ideal setting for the 
administration of an adenoviral solution to "genet- 
ically modulate" the organ: Several reports have 
shown that the expression of reporter genes directly 
injected into the myocardium is limited to a finite 
area around the site of injection and is further 
complicated by local inflammation. 1 ' 3 Therefore 
this raises doubts about the clinical applicability of 
this method of gene delivery. In vivo intracoronary 
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Fig. 4. Time course Of overexpression at 3, 5, 7,10, Juki 14 "'days, of ^ARs id atria; right ventride (W9, and 
left ventricle (LV) after delivery of 10 12 total viral particles of Adftj-AR (n = 3 per time point). *p < 0.05 
compared with 0-AR density of control native hearts (75.6 ± 6.4). 



" delivery has been demonstrated, 5 '* but it is very 
difficult to reproduce comistently, probably because . 
of insufficient contact time between the adenovirus 
and the beating nryocardium, as well as a host of 
other reasons that have yet lo be identified. 

Unlike direct injection, infection through the cor- 
onary vasculature during cardiac transplantation 
results in robust and widespread qverexpression of 
the transgene, as evidenced by the extensive 0-ga- 
laetosidase staining.of the right and left ventricles on 
histologic examination, as well as the marked over- 
expression of the ft- AR, not only in both ventricles, 
but in both alria as well. The transplantation model 
is unique in that it provides the mechanism to 
accomplish global myocardial gene transfer. First, 

'• adenoviral solution is "injected into the aortic root, 
presumably via both right and left coronary arteries, 
providing access to the entire myocardium. The 

"' solution is delivered immediately after removal of 
the heart at normothermia. No hypothermia is used 

. in this model because this may reduce the efficacy of 
gene transfer by slowing the kinetics of the virus- 
receptor interaction. In fact, wc have observed lower 
amounts of adenoviral gene transfer with hypother- 
mia (data not shown). FiirUwrmore/ donor heart 

- ischemia may facilitate viral tfansfection by making 
the endothelium more permeable. This, combined 
with the fact that the adenoviral solution is in 



constant contact with the myocardium throughout 
the procedure, likely further enhances gene transfer 
across the endothelium and into the myocardium . 
itself. This constant exposure probably saturates Lhe 
viral receptors and must partially account for the 
robust overcxpression of transgenes seen in this 
rhodeL As opposed to other reports,*- 13 we have 
not observed any significant expression in endothe- - 
lial cells within the vasculature of the heart, but 
extensive gene transfer to myocytes was evidenced 
by the histologic pattern of LacZ staining, as well as ■ 
the pattern of ftpAR overexprcssion detected by . 
immunohistochemistry. The lack of endothelial c 
prcssion was surprising, and further studies will be ■ 
required to shed more light on the mechanism of ; 
myocyte/endothelial cell gene transfer in our modeL j 
Ultimately, however, enhancement of cardiac fuDc- 4, 
Hon through /3-AR overcxpression requires target- ' 
ing myocytes rather than endothelial cells, which has | 
been achieved in this report. 

The analysis of the time course of gene expression^ | 
in our model correlates fairly closely with other | 
reports. 12 Peak /3 2 -AR overcxpression was.| 
reached at 5 days, and by 14 days expression was | 
back lo control values. However, we have no expla- 1 
nation for the apparent difference in the kinetics orj| 
transgene expression in the right ventricle (Fig. % 



More recently, wc have looked at expression at 



m 
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days and have found no evidence of significant 
overexpression. Some reports 20 describe stable gene 
expression up to months, but these are in different 
* animal models with different delivery systems. 
Clearly, further work will have to be done to in- 
crease the stability of these transgencs. Probable 
„ advances will come in work done on the adenovirus 
< itself by further deleting immunogenic regions, in 
^essence "hiding" the adenovirus from the host's 
*,.jniniune system. An immune response to adenovirus 
| ^ is been reported 1 - 21 and may be partly responsible 
fe-fbr the transient overexpression seen with this 
model. Of note, immunosuppressive therapies have 
"beti shown to greatly extend the duration of trans- 
^gene expression mediated by recombinant replica- 
!$lonrdcKcicnt adenovirus. 22, 23 Although we have 
£*iiot yet examined the role of immunosuppression in 
ir model, it is possible that the immunosuppressive 
'men used currently in the cardiac posttransplant 
ging might allow for extended transgene expres- 
"a mediated by these viruses. However, this may 
6 prove to make the recipient more vulnerable to 
|?gotential adenoviral infections using the current 
5 sctors. The creation of advanced gene transfer 
^Vectors, which is the focus of several groups, should 
''k'.entuafly eliminate this possibility. Importantly, 
p&;bur model, there was no histologic evidence in 
^..transplanted rat hearts of any direct injury 
^l^sed by the adenovirus out to 28 days after 
f|ilsplantation, 

M\ conclusion, we have shown that ex vivo adeno- 
id-mediated gene transfer is possible in the adult 
M: heterotopic heart transplant model. Not only 
jlyfe. we demonstrated successful gene transfer of 
g|g marker genes, but we have also demonstrated 
"Wthe first time robast and global overexpression of 
jjggene encoding for an endogenous membrane 
IteinX/^-AR), which has been shown to increase 
cardial contractility in transgenic mice. 14 Thus, 
Utiire studies, it wilf be critical to document the 
j||ional significance of ft-AR overexpression in 
j§|;in<>del to determine whether genetic modifica- 
|||:-can be successful at improving myocardial 
lotion in the posttransplantation setting. 
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Discussion 

Mr. Magdi H. Yacoub (London, United Kingdom). Have 
you looked at the effect' of overexprcssion of /3-receptors 
on function of these cells in any way, either in vitro or in 
any other way? 

Dr. Alan P. Kypson (Durham, N.C.). Yes, we have just 
started our preliminary studies. 

We transfccled six hearts with the jBj-receptor and 
.showed overexprcssion. (Average preceptor density was 
400 frnol as compared our controls [80 fmol]). These same 
rat hearts were then mounted on a Langendorff apparatus 
5 days after infection and there was almost a doubling of 
the baseline rate of pressure rise in these infected hearts 



as compared with the control hearts. We have yet lo do 
^-agonist dose/response curves as well as evaluate the 
amount of overexprcssion correlating with the functional 
effect. These are very preliminary data, but there does 
sccrn lo be some sort of a functional enhancement. 

Dr. Tirone E. David (Toronto, Ontario, Canada). These 
measurements are done at what stage of the experiment? 

Dr. Kypson. At 5 days we remove the heart from the 
abdomen and perfuse it on a LangcndorJDf apparatus. 

Dr. David. Did you do any after 14 days? 

Dr. Kypson. No. We have looked only at 5 days so far 

Mr. John H. Kennedy (Cambridge, United Kingdom). Is 
the life of the transfected cells shorter than the life of the 
host or longer? They are obviously belter. 

Dr. Kypson. There are some who believe that the cells 
that overexpress these transgenes undergo an immune 
response by the host Wc have looked at tic pathology of 
these hearts 28 days after transplantation arid have seen 
normal histologic characteristics. 

Dr. D. Glenu Pennington (Wuiston-Salem, N.C.). Is 
there a real difference in the right and the left ventricles, 
or is that just a matter of muscle mass? 

Dr. Kypson. Actually, this probably relates to some son 
of an increased. transmural pressure wall gradient gener- 
ated in the left ventricle, which enhances transduction of 
the viral particles across the endothelium into the myo- 
cardium. 
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ABSTRACT We used a cntbeter-based technique to 
achieve generalized cardiac gene transfer in vao and to alter 
Cardiac function by overexpressing phospholamban (PL) 
-which regulates the activity of the sarcoplasmic reticulum 
Ca I+ ATPase (SERCA2a). By using this approach, rat hearts 
were transduced in vivo with 5 X 10* pfu of recombinant 
adenoviral vectors carrying cDNA for either PL 0-galact»st- 
dase (£-gal), or modified green fluorescent protein (EGFP). 
Western blot analysis of ventricles obtained from rats trans- 
duced by Ad.PL showed a 2.8-fold increase in PL compared 
KTith hearts transduced by Ad-/Bg.lL Two days after infection, 
rat hearts transduced with Ad -PL had lower peak left ven- 
tricular pressure (583 ± 123 mroHg, n =? 8) compared with 
uninfected hearts {9ZS :£ 3.5 mmHg, n — 6) or hearts infected 
with Ad.pgai [jrz.fj A 5.9 mmHg, n = 6). Both peak rate of 
pressure rise and pressure fall (+3, 210 2: 298 mmHg/s, -2, 
117 i 178 mmHg/s, n - 8) were decreased in hearts overex- 
pressing PL compared with uninfected hearts 1+5, 225 ± 136 
mroHg/s, -3, 80S ± 97 mmEg/f, n = 6) or hearts infected 
with Ad.0gal (+5, 108 A 1<7 mmBg/s, -3, 765 ± tit 
mmHg/s, ft =s 6). The thus constant of left ventricular 
relaxation increased significantly in hearts overexpressing PL 
(33.4 ± 3.2 ms, n — 8) compared with uninfected hearts 
(18.5 ± LO ms, n = 6) or hearts infected with Ad.0gal (204 ± 
2.1 ms, n = 6). These differences in ventricular function were 
maintained 7 days after infection. These studies open the 
prospect of using somatic gene transfer to modulate overall 
cardiac function £/? vivo far either experimental or therapeutic 
applications. 



The regulation of intracellular calcium is Intimately related to 
the systolic and diastolic function of cardiac cells (1, 2). The 
sarcoplasmic reticulum (SR), which releases calcium during 
systole and takes it up during diastole, plays an integral part In 
controlling the synchronized movement of calcium in myocar- 
dial cells. The SR Ca 2+ ATPase (SERCA2a) pump regulates 
the uptake of Ca i+ into the SR during diastole. The function 
of the SERCA2a pump Is regulated in turn by phospholamban 
(PL) (3), In its unphosphorylated form, PL inhibits the 
SERCA2a pump whereas in its phosphorytated form, this 
inhibition Is relieved. A decrease in SERCA2a activity has 
been identified In a number of animal models of heart failure 
and in human heart failure and an increase in the relative ratio 
of PL TO SERCA2a appears to be an important characteristic 
of both experimental and human heart failure (3, 4). We have 
previously modeled such alteration in the PL/SERCA2a ratio 
by using adenoviral gene transfer to cardiocytet In vitro. 
Adenoviral overexpression of PL hi viiro recapitulates many of 
the physiological abnormalities seen in heart failure, including 
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prolonged relaxation and decreased contractile function. In 
contrast, ovcrexpresston of SERCA2a enhances relaxation and 
contractility of normal cardiomyocytes and rescues myocytes 
overexpressing PL from their abnormal phenorype (5, 6). 
Cardiac gene transfer has been previously achieved predom- 
inantly by direct injection into the myocardium or perfusion of 
an isolated coronary segment (7, 8). Either approach results In 
focal overexpression of the transgene and is therefore unlikely 
to effectively modulate global cardiac function. In this study wc 
used a catheter-based technique to achieve highly effective 
transgene expression in rat heartm vii»<j. In vivo overexpression 
of PL resulted in profound physiological alterations in cardiac 
function including a decrease in left ventricular systolic pres- 
sure and an increase in diastolic pressure and a prolonged 
isovolumic relaxation. As in single cells overexpressing PL 
these effects mimic abnormalities seen in experimental and 
human heart failure. Our data suggest that global adenoviral 
gene transfer. 10 rodent hearts in vivo may be a useful tool for 
studying the molecular mechanisms regulating cardiac func- 
tion. Qverexpr e ssion of PL in particular creates_an acquired 
phenq§pej&^ecapTrula^_mftriy ^normalities seen in hu-^ 
•maTThe art Jailurc andlnay provide a useful model for testing 
_therapjgrrjc JojervenBons/ 

Materials & Methods 
Construction of El-Deleted Recombinant Adenoviral Vec- 
tors. Three fint generation type. 5 n^rabinant adenoviruses 
(Ad) were used in these studies; Ad.flgal, AdJL, and Ad. 
EGFP. Ad.jSgal, which carries a nuclear localizing form of 
p-galactosldase (0-gal), utilizes the dl327 backbone and was 
kindly provided by David Dichek (Gladstone Institute for ' 
Cardiovascular Diseases, San Francisco, CA) (9). The con- 
struction of AdPL has been described in detail (6). AdJEGFP 
was similarly constructed through homologous recombination 
in 293 cells by using pJM17 as a source of adenoviral DNA 
Ad .EGFP carries the cDNA for modified green fluorescence 
protein, EGFP, purchased from Clontcch. In each, the exog- 
enous cDNA has been substituted for El through homologous 
recombination In 293 Cells and each contains a Small deletion 
in E3- The recombinant viruses were prepared as high titer 
stocks by propagation In 293 cells as described (5, 6). The titer 
of stocks used for these studies measured by plaque assays were 
as follows: 3-1 X 10 l ° pfu/ml for Ad.PL 2.7 X 10 10 pfu/ml for 
Ad.0gal, and 2 x W> pfu/ml for AdEGFP with a P £irticle/pfu 
ratio of 40:1, 37:1, and 50:1, respectively (viral particles/ml 
determined by using the relationship one absorbancc unit at 
260 did is equal to 10' } viral particles/ml). 



Abbreviations: PL, phospholamban; EGFP. modified green fluores- 
cent protein; SR. sarcoplasmic reticulum; SERCA2a, SR Ca s+ AT- 
Pase; Ad, adenovirus; £-gnl, g-galoctosicase; LVSP. left ventricular 
systolic pressure. 

TTo whom reprint requests should be addressed ac Cardiovascular 
Research Center. Massachusetts General Hospital, East, 149 13th 
Street, 4th Floor, Room 4207, Charles town, MA 02129. 
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Fro. 1. Rat hearts were transduced witb Ad.E<3FP by usiog either 
the catheter-based technique (b) or direct injection into the left 
ventricular wall (a). Potty-eight hours following delivery of adenovirus 
encoding for EOEP, the left ventricles of the hearts were removed and 
visualised with white light (a-1 and b-1) and at 510 Dm with tingle 
excitation peak at 490 nm of blue light (a-2 and 6-2). As shown in 
the expression pattern observed after catheter delivery is grossly 
homogeneous, lb contrast, the expression pattern is localized after 
direct injection as shown in a-2. Of note, with the direct injection, the 
surrounding tissue exhibits no background fluorescence (a-2). - 

Adenoviral Delivery Protocol. Rats were anesthetized with 
pentobarbital i.p. and placed on a ventilator. The chest was 
entered from the left side through the third intercostal space. 
The pericardium was opened and a 7-0 suture placed at the 
apex of the left ventricle. The aorta and pulmonary artery were 
identified. A 22 G catheter containing 200 uJ of adenovirus 
was advanced from the apex of the left ventricle to the aortic 
root. The aorta and pulmonary arteries were clamped distal to 
the site of the catheter and the solution injected. The clamp 
was maintained for 10 s when the heart pumped against ft 
dosed system (isovolumically). This procedure allows the 
solution that contains the adenovirus to circulate down the 
coronary arteries and perfuse the heart without direct manip- 
ulation of the coronaries. After 10 s, the clamp on the aorta and 
pulmonary artery was released. After removal of air and blood, 
the chest was closed, and animals were extubated and trans- 
ferred back: to their <s 




Fra. 2. Expression of 0-gaI in left ventricular sections 2 days 
following infection with Ad/Jgal and ArLPL. {Upper) Fhotoirucro- 
grapbs of two left ventricular sections stained rbrj}-gal2 days following 
mfecttpn with AdfJgaL These sections show the variability of /s-gal 
expression within the tame heart witb the catheter-based method of 
gene delivery. (Lower) Photomicrographs of two left ventricular 
sections stained for £-gal 2 days following infection with AdPL. No 
J3-gal expression is observed. 
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Fig. 3. (a) Imrminobtots of PL from crude membranes of left 
ventricles from control uninfected rats or rats 2 and 7 days after 
infection with 5 X 10* pfu of cither Ad.fJgaL Ad .EGFP, orArLRSV.PL. 
t» Protein levels of PL in preparations from uninfected hearts (n - 
8). preparations of hearts infected with Ad./3gal at day 2 (n = 61 
preparations of hearts infected with AiEGFP at day 2 (rt *» 4), 
preparations of hearts Infected with ArLPL at day 2 f> = 8), prepa- 
rations of hearts infected with Ad./3gal at day 7 (ft = 6), preparations 
of hearts infected with Ad.BGFP at day 7 (/> = 4), and preparaBons 
of hearts infected with ArLPL at day 7 (n = 8). *, P < 0.05 compared 
with uninfected, Ad.0gal 4t2days, and AdJEOFF at2days.#,P <0.05 
compared with Adj9gal at 2 days, and AdLEGFP at 1 days. There were 
oo sigtuGcant differences between Ihe PL protein levels In the 
uninfected group, and Ad,0gal or AdEGFP (f > 02J. (c) Immuno- 
blots with tnAbs to the of ryanodine receptor. Na/Ca exchanger, 
SERCA21, and calsequestrtn from crude membrane of left ventricles 
after2daySof infection with 5 x 10»pfu i of either Adfteal, Ad^GfP, 
orAiLRSV.PL. 

Pressure Measurements, Rats in the different treatment 
groups and at different stages following adenoviral gene 
transfer were anesthetized with 6X1 mg/kg of pentobarbital arid 
mechanically ventilated. The chest was wen opened through a 
mid-line incision and the heart exposed. A small incision was 
then made in the apex of the left ventricle and a 2.0 French bi^b 
fidelity pressure transducer (Millar Instruments, Houston, 
TX) introduced into the left ventricle. Pressure measurements 
were digitized at 1 KHz and stored for further rtnaJysis. Left 
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Table L Systolic and diastolic 


: parameter 














LVSP. 


LVfJP, 


+dP/dl, 
mmHg/sec 


-dPAft, 
mmHg/sec 






Uninfected 302*21 
AdjBgal day 2 286 2 19 
AdJPLday2 270 = 26 
Ad/3gal day 7 290 + 22 
Ad.PL day 7 342 ±31 


92.5 ± 3J 
916 ± 3.9 
583 ± 12.9* 
88_S ± 5.0 
54.2 ± 8.2t 


5-2=1.1 
63=:1.6 
12.7 ±Z9* 
6_S±13 
9.8 + 23 


5.225 ± 136 
5.108 ±167 
3*210 * 29S* 
5,032 ± 234 
3345 + 31lt 


-3,805 = 97 
-3,765 + 121 
-2,117 ±178* 
-3.668 ± 112 
-2345 X 154t 


18.5 ±1.0 
20.8 ± 11 
33.4 + 3.2* 
21.1 ± 2.4 
32.4±1.9t 


6 
6 
S 
6 
8 


All data presented as mean ±SD.LVSP, Itftventn^lar systolic pressu^ +dp/d , 
auxjmd ! rate of pressure rise; -dP/dt, maximal rata of pressure fall; t, time constant of relaxation; n, number of hearK ' ' ^ 
*P < 0.01 compared to uninfected and Adflg^l, day 2, 
tf < 0.01 compared to Ad.0gal, day 7. 



ventricular systolic pressure (LVSP), end-diastol'ic left ventric- 
ular pressure (LVDP), the maximal rates of pressure rise 
(+dP/dt) and of pressure fall (-dP/drt, and the time constant 
of relaxation (t) were measured or derived in the different 
groups. The time course of isovolumic relaxation was mea- 
sured by using the equation: P P 0 e" I/ir + Pu, where P is the 
left ventricular isovolumic pressure, P„ is pressure at the time 
of peak -dP/dt, and P D is residual pressure. 

Left Ventricular Dimension Measurements. Multiple 
1 3-mm. piezoelectric crystals (Sonometrics, Alberta, Canada) 
-were placed over the surface of the left ventricle along the 
short axis of the ventricle at the level of the mitral valve. The 
intercrystal distance was recorded along with the left ventric- 
ular pressure. Left ventricular pressure dimension loops were 
generated under different loading conditions by clamping the 
inferior vena cava. The end-systolic pressure-dimension rela- 
tionship was obtained by producing a series of pressure 
dimension loops over a range of loading conditions and 
connecting the upper left hand corners of the individual 
pressure dimension loops to generate the maximal slope 

Preparation «f SR Membranes from Left Ventricles. To 
isolate SR membrane from hearts, we used a procedure 
modified from Harigaya and Schwartz (10). Briefly, left ven- 
tricular myocardium was suspended in a buffer containing 500 
mmol/liter sucrose, 1 mmol/liter pheaylraethylsulfonyl fluo- 
ride.and 20 mmol/liter Pipes (pH 7.4). The tissue was then 
disrupted with a homogenizer. The homogenates were centri- 
fuged at 500 X g for 20 min. The resultant supernatant was 
centrifuged at 25,000 X g for 60 rain to pellet the SR-enriched 
membrane. The pellet was resuspended in a buffer containing 
600 mmol/liter KG, 30 mmol/liter sucrose, and 20 mmol/liter 
Pipes, frozen in liquid nitrogen and stored at -7Q°C. Protein 
■concentration was determined in these preparations by a 
modified Bradford procedure (11) with BSA for the standard 
carve (Bio-Rad). 

Histochemistry. Hearts were examined by immtmohisto- 
chemistry to evaluate the expression of p-galactosidase. Hearts 
were fixed with PBS containing 05% glutaridehyde for 30 min 
and then in FES with 30% sucrose for 30 min. The heart* were 
then permeabilized by incubation In solution containing so- 
dium detwycholate (0.0196) and Nonidet P-40 for 15 min. Then 
the hearts were incubated overnight in a solution containing 
5-bromo-4-chlOrt)3-indQlyl ^-D-galactopyranoslde (X-Gal), 
and lO^ra sections were then Cut and examined under light 
microscopy. Lungs, livers, and full-length aorta were also fixed 
and examined in a similar fashion. 

Western Blot Analysis of PL and SERCA2A in SR Prepa- 
rations. SDS/PAGB was performed on the isolated mem- 
branes from cell cultures under reducing conditions on a 15% 
separation gel with a 4% stocking gel in a Miniprotcan II cell 
(Bio-Rad). Proteins were then transferred to a Hybond-ECL 
nitrocellulose for 2 h. The Wots were blocked in 5% nonfat 
milk in TRIS-buffcred saline for 3 h at room temperature. For 
immunoreaction, the blot was incubated with 1:2,500 diluted 
mAbs to either SERCA2a, Na/Ca exchanger, ryanodine re- 



ceptors, and calsequestrin (Affinity BioReagents, Golden, 
CO) or 12,500 diluted anti-cardiac PL monoclonal IgG (Up- 
state Biotechnology, Lake Placid, NY) for 90 min at room 
temperature. After washing, the blots were incubated in a 
solution containing peroxidase-labelcd goat anti-mouse IgG 
(dilution 1:1000) for 90 min at room temperature. The blot was 
then incubated in a chemfluminescence system and exposed to 
an X-Omat x-ray film (Fuji Films) for 1 min. The densities of 
the bands were evaluated by using NTH image. Normalization 
was performed by dividing densitometrfc units of each mem- 
brane preparation by the protein amounts in each of these 
preparations. Serial dilution of the membrane preparations 
revealed a linear relationship between amounts of protein and 
the densities of the PL immunoreactivc bands (data not 
shown). 

RESULTS 

Cardiac Gene Transfer. In vtvo cardiac gene transfer was 
achieved by using a catheter inserted at the left ventricular 
apex and terminating Just above the aortic valve. The adeno- 
viral preparation was injected as the aorta and pulmonary 
artery were cross-clamped distal to the catheter tip for 10 s. 
During this period, the right and left ventricles became visibly 
pale as clear viral solution perfused the myocardium through 
the coronary arteries. During the procedure, heart rate de- 
creased from -=300 beat per minute (bpm) to ~50 bpm, but 
recovered to .baseline within 30 s of clamp release. Left 
ventricular systolic pressure increased to —300 mmHg and 
diastolic pressure to «25 mmHg. Ventricular pressure re- 
turned to baseline within 60 s of releasing the damp. To 
examine the distribution of transgene expression, we used two 
adenoviruses carrying the reporter genes 0-gal and JEGFF, 
Ad.0gai and AdJiGFP, respectively. As shown In Fig. 1, 2 days 
following delivery of AdJsGFP with the catheter-based tech- 
nique, the expression pattern observed was grossly homoge- 
neous. In contrast, when Ad,EGFP was directly injected Into 
the left ventricular wall the expression pattern was localized, 
whereas the surrounding tissue exhibited no background flu- 



Hcarts were also examined with immunohistochcrnistry to 
evaluate the microscopic distribution of transgene expression 
to vivo. As Shown in Fig. 2, histoehemical staining of ventricular 
cross-sections from hearts Infected with Ad.0gal (day 2) 
revealed <9-ga! activity in myocytes not observed in Ad.PL- 
infected hearts. The distribution Of /3-gal was not uniform in all 
cross-sections. Certain areas had diffuse staining, whereas 
other sections had a more patchy distribution of expression. It 
is important to note that we used an adenovirus carrying a 
nuclear localized form of fi-gala. Cytoplasmic |S-gal activity is 
evident only in myocytes expressing the highest level of p-gal 
activity. Therefore, a ventricular section that typically reveals 
a small minority of muscle nuclei may underestimate the 
uniformity and the level of nuclear /3-gal expression. To 
evaluate whether other tissues are infected, we histologically 
examined sections of aorta, liver, and lunfi following infection 
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Fro, 4. Left ventricular pressure measurements from rats that 
were either uninfected (CON) or infected with Ad-jSgal orA&PL 2 and 
7 day* after infection as indicated. Hearts infected wilh Ad.PL had a 
decrease In systolic pressure, elevation of diastolic pressure, and 
prolongation of die relaxation phase. 

with Ad./3gal. There were no histological evidence of f3-gal 
activity in the aorta; however, 0-gal activity was present in the 
liver and lungs (data not shown). Infected rat hearts demon- 
strated an inflammatory response (7 days > 2 days postinfec- 
tion); however, there was no evidence of disruption of norma] 
myocardial architecture or collagen deposition. 

PL Overexpressfon. By using the technique described above, 
we transduced rat hearts with an adenovirus carrying PL 
(A&PL). As shown in Fig. 3a, infection with Adfigal or EGFP 
did not significantly alter the amount of PL in the rat hearts, 
whereas infection with AdJPL increased the amount of PL by 
«»25- to 3-fbld. The increase in PL was also Sustained at day 
7- Quantification by densitometry of the immunoblots, de- 
picted in Fig. 36, shows an increase in PL at 2 days and at 7 days 
when compared with uninfected hearts. To verify that over- 
expression of PL in vivo does not affect other proteins involved 
in maintaining intracellalar calcium homeostasis. Western blol 
analysis was performed for SERCA2a, the ryanodine receptor, 
calsequestxia, and the Na/Ca exchanger. As shown in Fig. 3c, 
infection with Ad.fSgal, AdJEGFP, or AdPL did not affect the 
level of these proteins. 

Effects of PL Overexpression on Hemodynamic Measure- 
ments. We next examined the physiological consequences of 
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0.1 fig/kg/inin of isoproterenol in an 
hearts infected with Ad.PL (5 x 10* phi, d»jr 2). 



pressure measurements during infusion of 
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adenoviral gene transfer of 0-gal or PL to rat hearts in vivo. As 
shown in Table 1, 0-gal infection did not alter heart rate or any 
of the hemodynamic parameters examined compared with 
uninfected hearts at day 2 or day 7. Infection with Ad PL did 
not Significantly change heart rate at 2 days; however, at 7 days 
following infection with AtLPL there was a trend toward an 
increase In heart rate. As shown in Fig. 4 and Table 1, the LVSP 
was significantly decreased in hearts overexposing PL at both 
2 and 7 days following infection, whereas left ventricular 
diastolic pressure (LVDP) was significantly Increased in these 
hearts when compared with uninfected controls and to hearts 
infected with Ad.j3gal. The peak rate of pressure rise (+dP/ 
dt), a reflection of systolic function, was significantly decreased 
in hearts overexpressing PL at both 2 and 7 days. The peak rate 
of pressure fall, an Index of diastolic function, was significantly 
decreased in hearts overexpressing PL compared with unin- 
fected or Ad-^gal-infected hearts. The time constant of relax- 
ation, which is an index of active relaxation, was significantly 
prolonged in hearts overexpressing PL compared with unin- 
fected or Ad-J3gal-iiifectcd hearis. 

JMfcct of Isoproterenol, To verify the specificity of the 
profound hemodynamic effects observed after PL overcxpres- 
sion, we pharmacologically inhibited PL with isoproterenol, 
induciog the phosphorylation of PL thereby removing its 
inhibition of SERCA2a. The ventricular function after isopro- 
terenol reflects the intrinsic SERCA2a activity. Therefore, 
induction of PL phosphorylation by isoproterenol should result 
in the same hemodynamic profile in both Ad.PL and unin- 
fected hearts, reflecting their similar and unaffected intrinsic 
SR ATPase activity. As seen in Fig. 5, isoproterenol increased 
LVSP and relaxation In hearts overexpressing PL (203 ± 14 
mraHg) to the same level as in uninfected (212 ± 12 mmHg) 
hearts. In addition, the isovolumic relaxation parameter t in 
hearts infected with AdJPL (12.8 ± 1.2 ms, n = 6) was 
decreased to levels similar to uninfected hearts (13.0 ± 1.1 ms, 
n = 6> 

Pressure-Dimension Relationship. To further define ven- 
tricular function, pressure— dimension analysts was performed 
m a subset of animals. The relationship between developed 
pressure and ventricular dimension under different loading 
conditions allows accurate assessment of systolic and diastolic 
function. Fig. 6 shows a pressure-dimension relationship in an 
un Inf ectedhcart and a heart infected with Ad.PL at 2 days. The 
pressure-dimension loop is shifted to higher ventricular di- 
mensions in the heart overexpressing PL To alter loading 
conditions, we clamped the inferior vena cava in the open- 
chested animals, thereby reducing ventricular volume. This 
procedure enabled us to calculate the maximal end-systolic 
pressure-dimension relationship with a series of measure- 
ments made under varying preload conditions. The maximal 
slope of the end-systolic pressure-dimension relationship was 
lower in hearts overexpressing PL, indicating a diminished 
state of Intrinsic myocardial contractility: 72 ± 21 mmHg/mm 
VS. 128 ± 24 mmHg/mm in Ad.PL-infected hearts (n =< 6) 
compared with uninfected hearts (n - 6) [P < 0.05]. 

DISCUSSION 
In this study we used a catheter-based technique to achieve 
global Cardiac transduction with recombinant adenoviral vec- 
tors. Transgene expression was diffuse and relatively homo- 
geneous throughout the myocardium. Importantly, transduc- 
tion with adenoviral vectors carrying reporter genes did not 
significantly alter any of (he physiological parameters. In 
contrast, cardiac overexpression of PL at 2- to 3-fold the 
endogenous level dramatically modulated global left ventric- 
ular function, recapitulating many of the abnormalities of 
human and experimental heart failure. 

Cardiac Gene Transfer. Although prior studies have dem- 
onstrated the feasibility of cardiac gene transfer, the general 
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Pressure-Dimension Loops 
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heart Infected nrfth AdPL (5 X 10 9 pfu, day 2) under different loads 
blained by clamping the inferior vena cava. 



Utility of these approaches has been limited by eithervery fbcaJ 
expression after in vivo transduction or the requirement of ex 
vivo infection for more diffuse transduction (12-15). Intra- 
coronary catheter delivery of an adenovirus encoding £-gal 
achieved transduction of about 30% of the myocytes in the 
distribution of the coronary artery (12). Direct injection of 
adenovirus into the ventricular walls also induced significant 
expression of reporter constructs; however, the expression was 
focal and the injections within the myocardium cause needle 
damage (7, 8). More recently, Donahue et al. (15) reported 
effective gene transfer to the heart by using intracoronary 
perfusion in explanted hearts at physiological temperature. 
This groap identified a number of parameters that influence 
the efficiency of adenoviral gene transfer. These included (i) 
the use of crystalloid solution as opposed to whole blood, (it) 
coronary flow rate, (Si) exposure time, (tv) virus concentra- 
tion, and (v) temperature. The success of the approach de- 
scribed here may reflect optimization of these parameters. The 
amount of virus used was 5 x 10* pfu diluted in 200 '/il of 
solution and 150 fi\ from the left ventricular blood volume, 
resulting in a final concentration ~1_5 x JtO la pfu/ml. The 
concentration of the adenovirus was not diluted during the 
cross-damping because blood return to the left atrium was 
minimized by the simultaneous clamping of the pulmonary 
artery. This concentration of virus is high compared with 
previous studies (7, 8, 15). In addition, the blood was diluted 
thereby decreasing the inhibitory effects of red blood cells on 
the efficiency of gene delivery. Even though we did not directly 
measure flow rate*, cross-clamping increases perfusion pres- 
sure down the coronaries, allowing maximal opening of cap- 
illaries and Optimizing the myocardial area of virus exposure. 
Furthermore, during cross-clamping the heart rate was de- 
creased, thereby increasing diastolic time. During diastole, the 
left ventricular end-diastolic pressure was not significantly 
increased because blood return to the left ventricle was 
blocked by damping of th* pulmonary artery. Therefore 
perfusion of die virus could occur at relatively low downstream 
pressure and the endocardium could be efficiently infected. 
Because attachment of the adenovirus to cells is temperature 
dependent, delivering the virus in vivo allowed us to use the ■ 
optimal temperature for adenoviral gene transfer, 37°C. 
Donahue et at (15) have also shown that in vitro exposure of 
10 s at a concentration of 10 7 pfu/ml results in »60% 
transduction studies. In the present study, where the delivery 
conditions have been Optimized, the exposure time was 10 s at 
a much higher concentration of —lO 1 " pfu/ml. In summary, 
many of the critical parameters previously characterized as 
important for effective gene transfer to myocytes, in vitro or ex 
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vivo, are optimized during the described approach to cardiac 
gene transfer in vivo. Undoubtedly this contributes to its 
success and raises the possibility tfaatfr vivo global cardiac gene 
transfer will be feasible in Other experimental or even clinical 
settings. 

To assess the degree of gene expression with the delivery 
method described, we used two approaches. First, we visual- 
ized the whole heart by fluorescent microscopy after injection 
of AAEGEP. Second, we used histochemical staining to assess 
the microscopic distribution of transgene expression. Ad- 
EGFP infection produced grossly homogeneous expression 
Of note, injection of the hearts with other viruses (carrying 
genes other than EGFP) exhibited no background fluores- 
cence In this emission range, and direct injection into the 
ventricular wall of AdJBGPP demonstrated intense green 
fluorescence at the site of injection but no background fluo- 
rescence in the surrounding tissue (Fig. l). To further evaluate 
the microscopic distribution of transgene expression in vivo, 
the transduced hearts were examined with immunohistochem- 
istry. We "found that the distribution of 0-gal staining was not 
uniformly diffuse in all cross-Sections. Certain areas had 
diffuse staining, whereas in other sections a more patchy 
distribution of expression was observed. This staining may 
underestimate the extent of transgene expression both because 
the nuclear-localized 0-gal construct used exhibits cytoplasmic 
activity only in highly expressing cells and because histochem- 
ical staining of 0-gal is relatively insensitive. Lower levels of 
expression may not be detected by this method (jut may be 
sufficient to induce physiological changes, depending on the 
transgene expressed. Together our data with reporter con- 
structs demonstrate highly effective gene transfer to adult rat 
hearts in vivo in a relatively homogeneous distribution. 

Even though our delivery method was specifically targeted 
to the heart, we found expression of the reporter transgene in 
other tissues in the body, such as lung and liver hut not aorta, 
by using histochemical staining. Other investigators have 
found extracardiac transgene expression following in vivo 
injection of adenovirus into the heart when using a nonspecific 
promoter (16, 17). The use of tissue-specific promoters may 
obviate this problem in the future. 

PL Over expression. Although such effective cardiac gene 
transfer with reporter constructs is encouraging, ultimately the 
utility of this approach depends on the ability to achieve 
functionally meaningful expression of biologically relevant 
transgenes-* As a rigorous test of the system we chose to 
overcxprcss PL, an integral component of the SR thought to 
act only on the cell in which it is expressed. Expression of a 
secretory protein Or a molecule with a significant bystander 
effect would be predicted to require less effective transduction 
to achieve a biological effect Despite the stringent require- 
ments of cell autonomous activity, PL had a dramatic effect on 
global left ventricular function. 

PL is an integral protein of the SR of mammalian mtocar- 
dium and regulates the Ca 2+ ATPasc that transport* Car + into 
the SR (3. 4). In the unphosphorylated state, PL inhibits the 
SERCA2a by reducing its affinity for Ca J+ . Phosphorylation 
of PL at either the Scr-16 site by cAMP-depcndcnt protein 
kinase or the Thx-17 site by calmodulin-depsndcnt mecha- 
nisms removes the inhibition to the SERCA2a. PL has been 
shown to be phosphorylated in situ and to contribute signifi- 
cantly to the positive inotropic response and the relaxant 
effects of j8-agonism in the working heart (18). The expression 
of PL relative to SERCA2a has been shown to be altered in a 
number of diseased states (4, 19). Both human and experi- 
mental heart failure are associated with an increased ratio of 
PL/SERCA2a and are characterized by a prolonged calcium 
transient and impaired relaxation (20). In previous studies, we 
have shown that increasing levels of PL relative to SERCA2a 
in isolated rardlonryocytcs pro longed" the relaxation phase of 
the Ca^-transient, decreased Ca I+ release, and increased 
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resting Ca J+ (6). These abnormalities recapitulate in single 
cells many of die fundamental pathophysiologic abnormalities 
seen in heart failure. In the prescntstudy, overexpression of PL 
resulted in a decrease in systolic pressure, an increase in 
diastolic pressure, and a large increase in the time constant for 
isovolumic relaxation. IsovDlumic relaxation, which is an index 
of active relaxation and reflects die removal of Ca 2 * from the 
myofilaments into the SR, was significantly prolonged in the 
hearts overexpressing PL. This finding was also evident in the 
pressure- dimension relationship, which was characterized by 
a slowed eaity diastolic decline and opening of the mitral valve 
at higher filling pressures. The decrease in systolic pressure 
most likely reflects a decrease in SR Co 2 * loading. The 
SERCA2a is important both during relaxation by controlling 
the rate and amount of Ca 2+ sequestered and during contrac- 
tion by releasing the Ca J+ that is talcen up by the SR. 
Overexpression of PL decreases SBRCA2a activity, ultimately 
resulting in diminished systolic pressure and elevated diastolic 
pressure. In animals overexpressing PL, diastolic pressure was 
also elevated. PL has been shown to play a key role in 
modulating the response of agents that increase cAMP levels 
In cardiomyocytes (18,21). Because cAMP-induced phosphor- 
ylation of PL reduces its inhibition of SERCA2a, we evaluated 
the effects of isoproterenol on the ventricular performance in 
hearts overexpressing PL. Ar maximal isoproterenol stimula- 
tion, tho time course of isovolumic relaxation was decreased to 
levels similar to uninfected hearts and the LVSP was increased 
to levels similar to uninfected hearts. These results strongly 
suggest that the abnormalities observed in ventricular function 
in the hearts overexpressing PL are specifically the result of 
PL-mediated inhibition of SR ATPase. Phannacologlcal re- 
lease of this inhibition restores ventricular function to the same 
level as uninfected hearts, reflecting the intrinsic SERCA2a 
activity that is the same in both eases. 

A . transgenic approach of overexpressing PL has been 
undertaken In mice. However, adenoviral transduction offers 
several advantages. In transgenic animals overexpressing PL, 
developmental adaptation to higher levels of PL occurs with 
up-rcgulation of other Important e^citation-contracrjon pro- 
teins such as the ryanodine receptor, thereby masking or 
diluting the effects of tran6gene overexpression (22). More 
recently, transgenic animals overexpressing another key pro- 
tein involved In calcium regulation in myocytes, SERCA2a, 
have been shown to induce increases in the mRNA for PL and 
the sodium-calcium exchanger (23, 24). These compensatory 
alterations- make it difficult to assess the specific effect of 
increasing PL on cardiac function. In our studies, overexpres- 
sion of PL did not significantly altar protein expression of the 
ryanodine Ca z+ -releasing channels, SERCA2a, Na/Ca ex- 
changer, or calsequestrin, which are all involved in intracellular 
calcium handling. However, adenoviruses have significant 
disadvantages that include the transient nature of overexpres- 
sion of the desired gene «md the imraunc/inflanunatory re- 
sponse (hey produce and which was also present in our infected 
hearts. These shortcomings of the first generation adenovi- 
ruses limit their use In animal models over prolonged periods 
of time. 

Although we noted extraeardiac transgene expression, it Is 
unlikely to account for the phenc-type we observed. Although 
PL may regulate the SR Ca 2+ pump in aortic smooth muscle 
cells (25), we found no histochemical evidence of fl-gal ex- 
pression in aortne. There is no known functional roles for these 
pathways in liver or lung, where we did detect extraeardiac 
transgene expression. Moreover, we examined indices of sys- 
tolic and diastolic ventricular performance that are indepen- 
dent of load (or changes in aortic compliance) and reflect 
intrinsic cardiac function. Our physiological data demonstrate 
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the feasibility of achieving important functional cardiac effects 
through in vivo somatic gene transfer of a cell autonomous 
protein. Moreover, the abnormalities developed after PL 
overexpression in vivo reflect the abnormalities seen in exper- 
imental and human heart failure. Therefore, somatic gene 
transfer with AdJPL can create both in vitro (6) and in vivo 
models of heart failure that should facilitate studies of patho- 
physiology and investigation of potential therapeutic interven- 
tions- 

Condnsion. In conclusion, the present study demonstrates 
highly effective gene transfer to rat heart in vivo. By using this 
technique, we overexprcssed PL, thereby recapitulating many 
of the abnormalities observed in heart failure. Together these 
studies open the prospect of using somatic gene transfer to 
modulate overall cardiac function in vivo for either experi- 
mental or therapeutic applications. 
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MONOCLONAL ANTIBODY THERAPY 1 
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Hon, and cytokine gene expression (quantitative "real 
time" reverse transcriptase polymerase chain reac- 
tion). Serum samples were analyzed for anti-ad-Ig us- 
ing enjzyme4iiiked-iiniaunosorben.t-assay. 

Results. In control animals the 0-gaL reporter gene 
expression slowly increased until day 7 and then de- 
clined. Hie immunohistological and reverse transcrip- 
tase polymerase chain reaction intragraft analyses re- 
vealed a strong inflammatory response (cellular 
infiltration, cytokine expression) in ad-transfected 
grafts that may explain the delayed expression and 
fast down-regulation of the transgene. Treatment with 
BIB 672 mAb resulted In a faster and prolonged re- 
porter gene expression, reduced graft infiltration, re- 
duced anti-ad-Ig titers and less interferon-y up-regn- 

U Conc2usio»ts. Our results indicate that modulation of 
the anti-ad immune response using a nondepletang 
anti-CD4 mAb may increase the efficiency of ad-vec* 
tors for gene therapy In the transplant setting. 

The possibility to transfer genes into organ grafts has beer* 
an attractive approach to modulate posttaansplant events. 
Potential therapeutic applications include reduction of the 

. ischerrnWreperfuaion injury, prevention of acute and chronic 

lent of Nephrology and Internal Interna Care. - ctiol , ^ induction of tolerance. However, effective gene 



WBackgrourid. El-deleted adenoviral vectors are f>e- 
"y used for in vivo gene therapy. However, gene 
^expression after adenovirus- (ad) mediated gene 
SSansfer'is known to be transient due to the generation 
^ an immune response against virus-infected cells. In 
is study, we asked whether an anti-CD4 mAb CRIB 
» treatment may improve the gene transfer into rat 
diac grafts. 

'ethods. We injected recombinant ad-constructs en- 
ing for Escherichia coli 0-gal into syngeneic rat 
sart transplants via the proximal aorta- One-half of 
« recipients of genetically modified grafts received 
ie anti-CD4 mAb BIB 5/2, whereas the other half re- 
gftceived no monoclonal antibody treatment. Genetically 
S&nimodified isografts without any treatment of the re- 
® & ~ i ents were used as additional controls. A* different 
e points hearts were harvested and analyzed for 
orter gene expression, intragraft cellular inftltra- 

^Supported by the Deutsche Forachungsgeraeinschaft (Vo 489/6- 

f curate of.MedicaI Biochemistry and Molecular Biology. 
5** Institute of Pathology, University Rostock. 
Ef* Institute of Medical Immunology. 
St'lSU Section of Pulmonary Critical Care, MEB. 
!?.' Department of Nephrology and Internal Intensiva Care. 
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viruses have proved eo be reliable vectors for Successful gene below i 
transfer into different tissues beForc transplantation U—V. -I lo 

Compared with other gene transfer systems, recombinant 
adenoviruses have several advantages. Adenovirus- lad) vec- 
tors me able to transduce nonreplicative cell?. Moreover. 
Ei-deletcd ad-vectors are ruplication-defirienc and can be 
grown to high titers t4). Adenoviruses are usually not iucor- 
porated into the hos? veil genome, thus avoiding the risk of 
insertional mutagenesis. Disadvantages of ad-mediated gene 
transfer include the transient transgene expression arid the 
iramunogeoicity or' transduced cells. The resulting- immune 
response is composed of both the generation of CTL against 
virally transduced cells and the developmeut of a neutraliz- 
ing- antibody response (5. 61. 

In the transplant situation die gene transfer approach is 
even more complicated. The U'chemia/repeiTusion injury in- 
duces a local inflammatory response that farther 
the immunogenielty of the ad-transi'ected cells in the 
i D. Moreover, proinflammatory cytokines, in ijarticul; 
cerFeron-y flTNyi and tumuc necrosis faetor-.r >TNFtt>. 
dow-n-re^ulace ^ CiMV-IE promoter that is commonly 



"i«focieu -^rnib; Aad 



ContHjf 



-i 10 day :i .inn thercailor twice per -t-uefc for 
-iruroals received athiauicted jirruts -runout HIS "' 
other control group received noncn 
treated with RIB .1/2. 

HaU-rnlnpic hvarl imiixplnHMii'iii j;ki jjmc iran.ifhr. S y 
cuid allogeneic heterotopic hemx iranspLmiarian was performed* 
Injj standard microsurgical toehnunie with tmri-Lo-jide ' 
of aurra abdnminalu irecipientl to :im-m 'dun 
cipiontl to arren'a pulmonalis idoin>ri i/.5i. 

For ox vivo gone transfer hearts prepared irom the donors W(bi 
nosed with protective solution iCustodiol. Or. Franz Kuhlc-r Che - 
Alter uiiccrioii of sxyp 
. _ I into the donor aorta bm. 
Annual* orth,? first :>nd second group, heterotopic heart transpl^ 
il f.walisatipn. The cold 
Graft survival ivaa checked ttrits ^ 



i ••onaav a f tw 



solution it 

GmbH. Abbaeh-Hahnlein. f>r 
piaiiue ibrmin? unit* (ptuj of adoCMV0«al in 



n the abiloniiruil finaliz; 



tnrion was porfoi 

week until the end of the nlviorvuci 

5yn«cneic recipients •.vurr- killed nt "lavs :;. 7. U. 21. 23. and at 
and allogeneic recipients at Hays :S rind o. rospecciveh.-. The heart 
transplants were removed and rinsml -.vlch ohosphatp-blinered si- 
line iPBS). The basal and apical section ..about .', mm Mchj Wote 
separately embedded ill OCT compound i Life Sci 



for the control of the transient* (S. 9h In preliminary studio* Europe. LTD. Asinioor, Enjriaadt and sn: 



we observed a delayed reporter traii3gene expression in 
transplants in comparison to nontransplanted organs, even 
in the syngeneic models. As the Immunomodulatory activity 
of die transient* is especially required immediately alter 
transplantation, a delayed transgene expression reduces its 
therapeutic vllicney. However, a strong; antiviral immune 
response also *vppnrt5 allorcacuvicy. Therefore, the ad-me- 
diated jjene transfer approach is limited in the transplant 

Several strategies have been developed in nontransplantn- 
tion models to oveix-amo the immune response so ad-VL-t-iora 
inclurlintr the blockade ofciMiimutatory simials to T cells by 
CTLiV-t-l^. nod the application of depleting or mm-depletuur 
:uiti-CD-t uiAl) I W-13). Wo wondered whether a nondeplet- 
ing anri-CD4 niAb used at a low dose liOH I. mg/kg/VIuyi 
which is not able to induce lonir-term .alloirmft sun'ival. may 
improve the efficacy of ad-mediated gene cransfer into car- 
diac srafts. We found thoc low dose and-CD-t mAb treatment Bwrtw reporter nana cspression .tidies heai ts -A-cre aaalvzed 'fa 
improved the early and late transgene expression, reduced expression cf/J-afal wing an ONPG as,say. Sp^imens were homoge- 
the graft infiltration and the anti-ad-antibody response and rdzod in 0.1 M potassium phosphate budbr with 0j2Ct TricoaX-loC 
attenuated the tnrxagraft up-regularioa of tFNy. This ap- ipH T.Sl and Uj!mM protease inhibitor. H2-aiiJinocth\a|-benzewiA 



liquid nitrtge^ 

X-gid staining and tinraiinohi.<tiK'hemiiilo'. Tlw middle pan of tit 
heart transplant was annlyiwl for E ro/i fr-sal fifxeia tfsnresaoa W 
ONTG assay and for cytoldno mIt,V,V cxprosiion by reverse tau- 
scriptnae polymurase chain rcmaion (RT-pi.'Ri ixi.v ]m\u\vl. 

tn njiu X-dai itaiainsi. Cryiwtat sttiion-i u-i>ri.' suxintid ibrX-gal aj 
described before Bricll.v. .-d.-s lll- M m thick sc>ctmns of -Jm basal 
and the apical part wcrv cut :n itm-.im 5nn:rv~(U. -Specimens wete 
Rsed in aL-.-r.mc f..r Z min :.t .rf nnd ihim rins.--l twice nriih PBS. 
Aaor .suiinini: In a .^.lutimi of 1.5 mil K,r.n:Ni„. 1.5 mif 
K.FrtCN'ia. D.-J mil Ms<:L.. 400 .u^ml X-ijnl in PUS Tor i t hjS at 37^ 
section* wen? ringed in water .mil uunntoivLiined vith licjmalaune. 
BIuL*-sui!.ied culls indicanxl the pi-cpcncu nf prntL-ii: espre5ia*?i« 
Fr.r >|«antitaltvo nn:ilysis. the total minihoi' i>r piwilivo stained celfe 
TOiv counted Tor cadi section nn.ltfi- It^ltL inicro^copi' and uorraauzoi 
Ibr the area. The .-ires nfixich section wrw mcasuivU urinif aJfikua 
SMZ-10A mlcroxcopu with a i:CY) vulor vision eimoni mnilult 'Do»- 
pisha. Sortyl. E.ich iniafjL- was :uud\-z:u«l nsiri^ Bioxcm Optimas ("Bio- 
scan, Tnc^ Paurdeiveide. Ni'th«.i'laadsl solWarr. 

ilrop/un<ii-fi-n-f!alufm.fide anulvsix <0#PU axxayl. For «iaa- 



pronch may expand putative applications oF ad'tnediated 
gene transfer in allotransplantation models. 



MATERIALS AND HETHOTJS 
.\llhnaUi. Hole inhrea; rats of the Lewis iRT/l 1 ) and the DA 



lyliliipridrn-drocbloride iBoehringer Mannhelra. Monnheinu Ger- 
muny). Cell ly-ac« were then cena-ifiiKod at 16.000 • » for 10 minJi 
4*C. For heat inactivation nfeadoCfCOous p-?al nctMry siipernaKWC 
were incubaufd for B0 Win at 4S'C and then ccntrifujfed at 16.000 <l 
for II) mlu at 4*C. Eniyiaadic actiWty i»f the svperoawnu vms m«*- 

— ■ - - ... suredinareacti<iavolumi»orimlconslsrtagof30Ml<en h^ate,? 5 * 

iKTl' ,vl ) .genetic baeJtgrountl uifad $-12. w«ks. worn purchased from ,d P6(-2 buIEsn23 mW NaH-JPO h 77 mil Na-HPO,. 0.1 mil 
Mollegaard Sreedimr Centre Ltd.. Ry. Dunmaiic and were used tor 2 iaM MgSO ,. 40 ulM /1-metciptoethanoL O.lh Triton X-100. pfiVS 
aynseneic and allogeneic heart transplantation. nad 200 ul Ol^pn-solurtoa <4 ms/ml ONPG In PM-24>uflerV AHer * 

Adenoviral f«cn«rj. Pot tfttne transfer studies recomhlnaDl 61- rain nt -JVC. the reaction was stopped by adding- 500 /xl 1 M Ma^COj 
le-generatlon replicatioa-Lttcompenmt ad type 3 vector Thti optical deatsity of each sample wad then read 



deleted, i 

•mending for Ettcfmricfiia ca/i jj-gul under the loodmI of ihe human 
CMV-LE promoter i.-id5CMV/jyal> was used- Viruses wern propa- 
gated, purified, and atered on 293 cells a< describtKl previuiuily IVi. 
Virus concentratioa was determined by OD aad by piaquit assay. 

mAb trealinent. KTB -V2 i.a nondeplcting; mouse anti-rat CD t 
OlAb) w-as purified fmnVascitcs by protein A affinity chromacofp-aphy 
and the conceatration waa determined hy cnsyme-linkcil-immu- 
nosnrbeut-assay tELISA) usln^t lifC'ia itambrdi iSbnua. Dcisen- 
bofen. Germany) f /.". /-/). 

Animals grafted wiih nd-infected synjiencic hearts on ilny il ism- 



dcicrmlnc activity as previously described t Je"). Activity mu aorawi 
tied for protein concentration, which wax determined oslnij; the JE 
CrO BCA Protein Assay Heajnjnt Ivlt (Pierce, Rncklbrd, C). 

lmin.i(i«>hKaKliMmhurt. An alkaline phiwphotose nntisilkali» 
phoJtphatase iAPAAP> tochuitme was ueixl to anidycc cellular S 1 ^ 1 
infllfcratloa. Tho (J-jxra thick crv-ostat seetlonu of the uptcal |wrt wef 
fucerl in acetone for 10 mill at renin tumpumnire. To him* nonspeci^ 
antibody IdndinR, slides were incubated in 20'.?. Mhbit serum/FACS 
buffer 10. l*r NtiNj,, l'» fetal calf scrum lu P3S) for 20 >nln. &cd«w 
ware incubated with muuse iindbodien against rut T cell receptor i" 1 
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Redded in glycols gslaune- *™ 400) „ ^ 

E&Lve calls of an area of 0.8 mar. sonicated for 5 min) • : - , .... . 

^^Wpended m carbonate ^ <** "J ^ "j. ELISA " * " 

^fcO) and thenbl0Cll< ™^^T| gA ), o.05% «odliWH*M«. and 
■«& 0.5% bovine serwn albumui UK**" washing serial 

^ to 1 * 11 T^S^^sifw^ added" to the 
^ rf^^^££5£5JL Then the plaUs 
SSwtk 3nd Incubated for 1 or at room w=u^ 

Abated with 100 for 1 

P^nts (Bchringer M^ *^ ^ l^cr oture with 100 
ibTWr an incdbauoa for « ^ citric add 

f^nOPD^h,tuml2«M Y^^TnT. the reaction was 

|Wd vrith 50 ^ *1 "^de^Sl L^burg. Austria). 
Ima ^ a plate reader (anchor reader -u , ^ on . fl ^ 

Q^BUiftWtwW-Waf- ^^^^n^Sve 'real-time" 
f^e* rat hearts wjmj ,^5^2 Applied Biosys- 
IbJ-PCR usmg the TaqMaa s ^ m ^ ^ W3S prepared from 

^fwere coJoW significant at P<0.05. 

RESULTS 

|mg CM?. 1). To examine the transgene exprt^on tn trans- 



fected rat heart*. A, X-gaT . « ^gnificatioa 

staining. 

planed organs, ^«*^«* ^ ^ 
ad-gene transfer (Fig- ZAJ. WDere^ reD orter gene 

^thin 2 to a Jj. S^Sl of p-gai before 

«u of the r^r^sr^S - 

revealed similar results OP*. ^^^T^^^ gene in 
predion nnd feft down-regulatLoa of tf* ^ 

minted.* all animus and fee t^^« (data not 

ei^ificantly lower ttamW^ 'S^L^ 

fhe ischemia/rtperfusion injury "^fJltSlSttm of the 
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' matmcnt \vki< J inir'ka RIB 5 i 



due events and a later (after day 14) cellular infiltration that 
may result from the ad-specific immune response, 

Effect of RIB 512 mAb treatment on transgene Expression 
after adenoviral gene transfer. Next we wondered wheihe* 
the anti-CD4 mAb ftlB 5/2 may deteriorate the specific ^ 
ti-ad immune response and prolong the expression of 
cronsgene within the graft. The grid recipients received iq 
times 4 mg/kg of the mAb. a subopfcimal dose that is not able 
to induce long-terra allograft survival UD- We did not use the 
high-dose allograft tolerance-inducing dose ( 10 x20 mg/kg) ag 
tolerance induction to the adenovirus may U dangerous for „ 
clinical setting. This low-dose anti-CD4 mAb protocol sipuf. 
Icontly prolonged the reporter gene expression in trans, 
planted syngeneic hearts in comparison to control hearts 
without aiui-CD4 treatment (Fig. '1, A and B1. At days 28 and 
56 after transplantation, the number of X-gal positive cells in 
anu-CD4 mAb treated rats was 12- and ll-fold higher, re- 
spectivelv, in comparison with the mAb untreated rats r%. 
2A) Morcovar, the early expression of the transgene withia 
the first week was ulso significandy improved under the 
umbrella of RIB 6/2 mAb treatment, which could be detected 
measuring the total e<uyme activity by the ONPO-assay iSlg. 

" Effect of RIB 5/2 mAb treatment on cellular graft infiltra- 
tion after adenoviral gene transfer. The improved gene trans- 
fer into syngeneic cardiac grafts by anti-CD4 mAb treatmeM 
w» associated with a oW-regulation of both the early and 
late inllammatoi-y response. RIB 572 niAb treatment pre- 
vented the ad-mediated ap-rejrulation ot ^% m ^fj^ 
aammatorv response. Moreover, the number ofmnkraDngT 
cells was even lower than in the untreated synge nelc aoa- 
trUfected control hearts .Fig. 3. A and B), although 
Uinltration by IL-2R" r T cells was not completely prevented 
investing some residual anti-ad specific immune response 
iPuT 3C). The late infiltration by ED-1" macrophages was 
also "redveed. whereas the early infiltration by these ^0. 
also not completely prevented by anti-CD4 mAb treatment 

[F t£*'ofRIB 5/2 treat**,* on antiadeiwviral antibody 
induction. To examine the humoraL immune response to 
the ad-vectors we have quantified the forma 
antibodies in anti-CD4 mAb-treated I. or ^^£ d ^ 
mals receiving syngeneic ad-infeoted grafts by ELISA tec£ 
nology. We observed higher titers of anu-ad ^^odxes^ 
comparison to background levels from * lt ^ g£ 

ft. unspecino following ^^^^tXS^^ 

injurv may increase the specific immunogenic^ of tan*- ^aie* compared with animal* 

KceJin the graft. To study if — ry r^ons. F^*»* ^ t lM hu moral « 

the coDulor Infil^on « mya , response to the Sector, «** « 

Effect 0 f rib 512 treatment on proinflammatory cyroitm 
geni transcription after adenoviral gene transfer. It 



ihi« aner mine iraiofci- 
FwniM 2. «to«H« »f u-Ansgenc expression in ^yn-tfencic 
• hUrTtnxnsplan^ after adenoviral ff ene transfer. A, ^* ^ 
Ad-trawwi transplant wor* «^*« «* 

S .^ ^ and the 

36 <P<0 1>5) B. Total tissue enzymatic actmtyr .va 

bar*) versus control rote (W*cU bars, at day- 3, 14, 21. and 
28 CP<0-05), 



the cellular inriitrauon. V( , , :_ rr o 

expressing the a/0 T cell receptor. CDS fi cW, tt,2 
™£?or a membrax* marker expressed on macrophages, 
SnWtes, and dendritic cells (detected by SD-U «di i ana- 
• ^edUrcompnrison to untreated syngeneic heart trona- 

^ S^i^rSerfusion injury resulted in 

A-D, see Noorra^/ccted The ^'™f^*™f*_ The early intragraft IFNy mRNA expression was dra 

Hon of the grafts with the reporter gene £gjd Scally reduLd inlnti-CDi mAb-treated S^.redpienu 



«M imrwcripfioft after octenownH £C «c »u,»,^- « - 
Istabliahed that proinflammatory cytokine*. P» rt ^? 
JFN7 and TNPa. may down-regulate the transgene expr^ 
sion byTnactivation of.the commonly used 
We ohserved a strong up^regulatioa of ^. a ^^- 
mfiNA expression in the transacted hearts within the fir£. 

uuuinwH . mr _. .„ DM a A^ruecinn was 0X2- 
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TL-2 receptor positive cells 



macrophage/monocyte/dendritic cell 
membrane protein positive cells 




■ day 3 

^day7 
□ day 14 
a day 28 



non- 
transfected 
grafts 




ad-transfected grafts 

B 3. Cellular infiltration of the syngeneic heart transplants after adenOVirttS-lMediated gene transfer. Ad-treated heart 
lS v~-^^l«nts with or without anti-CT>4 therapy and untransfected control hesrt transplants w*rt removed at different time 
SPointg and analysed for infiltration with (A) o/0 T cell receptor porftire calls, (B) CDS 0 chain positive cells, CO IL-Z receptor 
^'-•rttiv* cells, CD) ED-1" cells (marker for macrophages, monocytes, and dendritic cells) (n=4-3/each group). Auti-CIM mAb 
^ tatmont significantly attenuated the graft Infiltration in comparison to untreated ad-cransf ected grafts at day 3, 14, and 28 



). This suggests that the increase ia levels of EFNy at 
y 3 after gene transfer in anW-ClH mAb-untreated ani- 
ds ia mainly due to the presence of adenovirus. Ia contrast, 
■e TNTa response was not significantly influenced (Fig. 5B) 
?pite the reduced cellular infiltration {Fig. 3, A-D). 

DISCUSSION 

P^Secainbinant ad-vectors are an useful tool for efficient gene 
wfer into a variety of organ transplants {18-22). How- 
r. potential applications of thi3 vector system are limited 



by transient transgene expression after gene transfer. In 
nontransplanted organs the maxunwm level of reporter gene • 
expression is reached Within the first 24 to 48 hr after ad. 
mediated gene transfer and remains stable for 3 to 4 weeks 
(4, 12). In. this Study we observed a delayed expression a»d 
fast elimination of the transgene in a syngeneic cardiac 
transplantation model suggesting that the nnapedfic inflam- 
matory response after ischertia/reperfhsion injury of grafts 
further deteriorates the transgene expression in the trans- 
plant setting. 
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IFNy 



days after gene train fer 

FlCVBE 4. Effect of MB 5/2 treatment on anti-udenoviral an- 
tibody production. Serum samples of animals receiving mAb- 
and mAb-untreated animals were analyzed using- an unti- 
ad-Ig detecting ELISA. Values are given as extinction at the 
1:123 dilution of the serum samples. Background level:* were 
determined measuring control serum of ad5CMV/J,j*al-un- 
treated animals (striped bar). Anti-CB4 mAb treatment 
Iwhice bars) significantly reduce* the amount of ant5-ad an- 
tibodies compared wtta mAb-untrcated animals (black bar*) 
tn =4-.>feach group). 
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The low reporter gene expression within the first days 
after transplantation was associated with a liupj early intra- 
grift accumulation of both macrophages and T cells in ad- 
transFected grafts in. comparison to untreated grafts that was 
accompanied by a strong up-regulation of IFNy. Alter day :i 
cellular infiltration and iutragrait IFNy wqp vision .sponta- 
neously regressed. As the El-deleced ad is replication deft- 
dent, the rising frequency of X-eul positive cella between day 
3 and 7 does not reflect increasing numbers of trans fetied 
cells bur rather indicates a strong down-regulation of the 
commonly used CMV-protnoter during the first days as result 
of the early inflammatory response. It has been shown thot 
cytokines may down-regulate the CMV-US promoter activity 
S). The action of TNFuc lup-retyulatioa, down-regulation, 
or no effect) on the CMV-H3 promoter activity is dependent oa 
the target cells 18, 25), whereas IFNy seems to inhibit the- 
promoter in all cell lineages (5, 3). 

" With the reduction of both cellular infiltration and in era- 
graft IFNy expression between day 3 and 7. the transgeoe 
expression increases. TNFu expression did ttoc significantly 
change during the observation time suggesting chat TNFtt is 
less involved in promoter down- regulation in. our in vivo 
model. 

However, after day 14 a second wave of graft infiltration 
appeared that was associated with a decreasing reporter 
gene expression Iboch frequency of X-xal* cells and total 
enzyme activity went down). These late events probably re- 
flect the specific Immune response to ad-encoded proteins 
that results la the elimination of the transduced cells. In the 
transplant setting the early tscheraia/repertusioa injury-me- 
diated mnnmmn tion activates imraEraft antiyen-pruseatSag 



III 



llay$ after jJCnc transfer 
Figure a. Effect or RIB 5/2 treatment on protoflanunacoir 
cytokine sene transcription after adenoviral tfene transfer. 
Ad-tranifecied heart transplants from an tl-CI>4- treated rats 
and nontreatad rata were removed at different djna points 
and analyzed for (A) IFN7 mRNA expression and (B) TNT" 
mENA expression' by quantitative •Veal time" TaqMan-RT- 
PCR. C,- Threshold-cycle (nM/cach groupl. Values are give" 
as 5 levels of IFNy or TNIV versus GAPDH ihousek"!^* 
^enti) expression. Anti-CD4 mAb treatment fignlScaauj 
(P<00o) reduced TFNy gen.* expretfStoa at day 3. 



celk. induced the release of chemocaciic factors, and 
regulates endothelial adhesioa molecules; thus innreasjui 
the iromuAOgeaiiaty of the ad-infected calls and supporti^ 
the development of the specific anti-ad Immune respond 
Even though it has been, considered that the major cause 0 
the transient transgene expression after adenoviral 
transfer is the development of an adaptive immune resp° aii 
to adenoviral proteins and transgene product*, aoninnow 
aiatory causes, e-g„ inacUvation of promoter elemeats >> 
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l" ^digestions of viral DNA, may also play a role. This was 
^'(jejpaDStrated in ex vivo cultures of adenovirally transfected 
&• corneas 126). We and others (10, 11) have shown that trans- 
|L r gene expression wag also limited in immunosuppressed ani- 
f-joflls. which suggests that noninflammatory causes might 
i>. jlao play a Tole. 

Jfv^ Shnils^ kinetics of intragraft reporter gene expression 
Ef*ere observed by others 08-20). In contrast to the delayed 
j^ane expression in heart graft models, a relatively fast ex- 
^pression was described in liver grafts (21, 22) which may 
H'reflect other experimental conditions or special properties of 
gpie Ever tissue. 

gf-Jt has been shown that immunomodulatory approaches 
jjf&dnding anti-CD4 mAb treatment (10-13) may attenuate 
K-the specific immune response to ad-encoded proteins and 
^•"prolong the transgene expression. Its efficiency for improving 
*• gane therapy in a transplant Setting was not studied so far. 
I W« could demonstrate for the first time that a low-dose 
nondepleting anti-CD4 mAb approach combats the intragraft 
inflammatory response due to the synergistic action of isch- 

• eamWreperfusion and viral infection and mediate an earlier 
■ and longer reporter gene expression in a transplant setting. 
: The fester and prolonged gene expression may improve the 

usefulness of gene therapy in transplantation as the modifi- 
(. cation of the early posttransplant phase strongly influence 
the long-terra outcome of allografts. 

The amplification of the early transgene expression by 
anti-CD4 mAb treatment was very surprising. The mecha- 
nisms of the early inflammation in ad-transfected grafts are 
: not fully understood, Unspecific inflammatory events are 
: discussed and the high intragraft IFNy level at day 3 may be 
: due to N3£ cell activity. However, the dramatic effects of CD4 
targeting therapy on the early graft infiltration and the re- 
duction of IFN-y expression by more than 80% redefines the 
- role of CD4 T cells (T cells and/or CD4'* monocytes/macro- 
K[" phages) during the early antiviral response. Moreover, our 
t . data suggest that IFNy may play an important role in down- 
:>._regnlating the CMV- promoter controlled expression of the 

* transgene after in vivo gene transfer. Although the reporter 
> gene egression was improved under the umbrella of anti- 
l Q>4 mAb as early as day 3, the further rise of X-gal"" cells 
^and total enzyme activity of the graft until day 7 suggests 
L; that other factors than IPNy may he involved in early down- 
? regulation. Further experiments' should address this phe- 



p« Our data demonstrate that the nondepleting anti-CT>4 
-. ; .mAb approach is also feasible for the prolongation of reporter 
<£• Rene expression under the special conditions of transplan- 
C; -"Hon, The peak levels war* higher and the ETso ofX-gal + cells 
^•.iacreased from 18 to 32 days. For the Interpretation of tbe 
"£.Un different methods used for measuring 1 transgene expres- 
fe^on it is important to note that the numbers of cells express- 
•£fng /3-gal were roughly similar in grafts of mAb-treated and 
pffAb-mitreated animals except days 28 and 56. However, In 
"""e ONPG-assay the differences between both groups have 
B , v ^*a significant until day 28. The early differences measured 
|&ny the OKPG-assay might therefore rather be a result of 
pl.altered tran3gene regulation than elimination of ad-infected 
l^ceus which is also supported by the differences in IPNy 
£»\RNA expression early after gene transfer. In contrast, at 
: » later time points (days 28 and 56) the elimination of ad- 



li 

infected cells seems to play a more important role as seen ' 
the results obtained by the X-gal staining. 

Even though CD8" CTL are major effectors in eliminate 
ad-infected cells, CD4 T T cells also play an essential role 
the anti-ad immune response. It has been reported that ME 
class n-restricted activation of CD4" cells by ad-antigens 
necessary for complete activation of CD8^ T cells (23). Mm 
over, CD4 1 " cells alone seem to be capable of destroys 
virus-infected hepatocytes (23). Additionally, CD4~ cells a 
able to induce a humoral anti-ad immune response via ac 
vation of B cells. The important role of CD4"" T cell6 for t 
elimination of transfected cells was further supported by t 
prolonged reporter gene expression in the lung fbllowr. 
application of depleting (10) or high-dose nondepleting (1 
anti-CD 4 mAb. We could demonstrate that even a low-do 
nondepleting anti-CD4 mAb protocol can improve the expit 
sion of the gene of interest in the more complicated trar 
plant setting. The significant inhibition of cellular iafilti 
tion by anti-CD4 mAb may explain this effect. Howevi 
although the cellular infiltration into the ad-transfect 
grafts kept at low levels during the whole observation tir 
(28 days) in ariti-CD4 mAb-treated rats, the number of 
gal" cells rapidly decreased after day 28. This may be due 
the development of a "low-level" ad-specific immune i 
sponse, which is reflected by a relatively high proportion 
CD25 + cells among the infiltrating cells, particularly at da 
3 and 7, compared with controls with nontransfected graf 
Additionally, the low-dose anti-CD4 therapy delayed a; 
strongly reduced the anti-ad-antibody production. The tite 
measured in our experiments are consistent with results ' 
Chan et al. (27), who suggest that the titers in animals wi 
ad-perfused transplants were much lower than in modi 
using direct i, v. injection of adenoviral vectors. This may 
due to the extended circulation and presentation of adeno- 
ral antigens in these models. If the reduced anti-ad antibo 
production by this low-dose anti-CD4 treatment might all« 
a second vector administration should be further analyze* 
In summary, low dose nondepleting antj-CD4 mAb ere; 
ment improved both the early and the late transgene expr« 
sion in a model of syngeneic heart transplantation. Thea 
fore, this approach may be useful in future gene thera 
protocols in allotransplantation. 
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Tight Control of Exogenous SERCA Expression Is Required 
to Obtain Acceleration of Calcium Transients With Minimal 
Cytotoxic Effects in Cardiac Myocytes 

J. Michael O'Donnell, Carlota M. Sumbilla, Hailun Ma, Iain K.G. Farrance, Marco Cavagna, 
Michael G. Klein, Giuseppe Inesi 

Abstract — Collateral effects of exogenous sarcoendoplasmic reticulum Ca 2+ ATPase (SERCA) expression were charac- 
terized in neonatal rat and chicken embryo cardiac myocytes, and the conditions required to produce acceleration of Ca 2+ 
transients with minimal toxicity were established. Cultured myocytes were infected with adenovirus vector carrying the 
cDNA of wild-type SERCA 1, an inactive SERCA 1 mutant, or enhanced green fluorescence protein under control of the 
cytomegalovirus promoter. Controls were exposed to empty virus vector. Each group was tested with and without 
phenylephrine (PHE) treatment. Under conditions of limited calf-serum exposure, the infected rat myocytes manifested 
a more rapid increase in size, protein content, and rate of protein synthesis relative to noriirifected controls. These 
changes were not accompanied by reversal to fetal transcriptional pattern (as observed in hypertrophy triggered by PHE) 
and may be attributable to facilitated exchange with serum factors. SERCA virus titers >5 to 6 plaque-forming units 
per cell produced overcrowding of ATPase molecules on intracellular membranes, followed by apoptotic death of a 
significant number of rat but not chicken myocytes. Enhanced green fluorescence protein virus and empty virus also 
produced cytotoxic effects but at higher titers than SERCA. Expression of exogenous SERCA and enhancement of Ca 2+ 
transient kinetics could be obtained with minimal cell damage in rat myocytes if the SERCA virus titer were maintained 
within 1 to 4 plaque-forming units per cell. Expression of endogenous SERCA was unchanged, but expression of 
exogenous SERCA was higher in myocytes rendered hypertrophic by treatment with PHE than in nontreated controls. 
(Ore Res. 2001;88:415-421.) 

Key Words: SERCA ■ gene therapy ■ heart ■ adenovirus ■ calcium transients 



The sarcoendoplasmic reticulum Ca 2+ ATPase (SERCA) 
pumps Ca 2+ from the cytosol back into the sarcoplasmic 
reticulum (SR) after myocardial contraction, thereby coordi- 
nating contractile tension and relaxation kinetics. Ca 2+ uptake 
by the SR has been reported to be inadequate in failing human 
heart 1 - 2 as a consequence of reduced SERCA activity, 3 
SERCA protein expression, 4 - 5 and SERCA mRNA levels. 6 
On the other hand, it was shown in experimental models that 
uptake of cytosolic Ca 2+ by the SR can be accelerated by 
expression of exogenous SERCA genes and consequent 
increase of the ATPase copy number in cardiac myocytes. 7 " 9 
In fact, isolated failing human cardiac myocytes have shown 
improved performance after overexpression of exogenous 
SERCA. 10 

Recombinant adenovirus has proven to be a very effective 
vector for delivery of exogenous SERCA cDNA into cardi- 
omyocytes," with 100% efficiency of infection compared 
with 5% to 10% efficiency by other transfection methods. 12 
The positive benefits of exogenous SERCA expression on 
Ca 2+ homeostasis continues to be characterized by several 
laboratories, whereas collateral effects of gene expression 



have received little attention. We have observed important 
side effects that are much more evident in neoriatal rat than in 
chicken embryo cardiac myocytes. In this study, we made 
comparative observations on cells infected with empty virus, 
with viral vectors carrying wild-type or inactive SERCA, or 
with enhanced green fluorescence protein (EGFP) cDNA. We 
describe here the effects of these procedures on protein 
synthesis, cell viability, and calcium handling in controls and 
hypertrophic (treated with phenylephrine [PHE]) myocytes. 
We then define restricted conditions under which the level of 
exogenous SERCA gene expression and improvement of 
cytosolic Ca 2+ control can be obtained in rat myocytes with 
rriinimal cell damage. 

Materials and Methods 
DNA Constructs and Vectors 

EGFP or wild-type or mutant chicken SERCA1 13 cDNA was 
subcloned into pAdlox 14 or pAElsplA 15 plasraid. The cDNA was 
preceded by the cytomegalovirus (CMV) promoter and followed by 
simian vinis polyadenylation signal. Recombinant adenovirus with 
EGFP or SERCA1 cDNA was obtained as previously described. 7 - 16 
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The recombinant products were selected by plaque purification in 
HEK293 cells and band-purified by centrifugarion in cesium gradi- 
ents to yield concentrations of the order of 10* tolO" plaque-forming 
units (pfu) per milliliter. 

Preparation and Treatment of Neonatal 
Rat Myocytes 

Chicken embryo cardiac myocytes were prepared and cultured as 
previously described. 7 Neonatal rat cardiac myocytes were prepared 
and cultured as follows. 

Day 1 

Primary cultures were obtained from 1 -day-old Sprague-Dawley 
rats, as previously described, 1 *- 17 and cultured in MEM (GibcoBRL) 
containing Hanks' salts, 5% calf serum, vitamin B 12 , and 0.1 mol/L 
bromodeoxyuridine at 37°C, 350 cells/mm 2 , in the presence of 1% 
C0 2 . The culture medium was replaced every 12 hours throughout 
the experiment. 

Day 2 

The cells were washed, and the medium was replaced with half the 
original volume of serum-free medium (identical to that previously 
described except for the absence of serum). The cells were infected 
with adenovirus vector (0 to 20 pfu/cell) containing wild-type 
SERCA1, EGFP, or mutant cDNA encoding inactive SERCA1. 
Controls were exposed to empty virus. Infections were obtained by 
exposing the cells to the viral vectors for 1 hour. At this time, the 
medium was diluted 1:1 with medium containing serum to yield a 
final 5% concentration. 

Day 3 

Cell-culture medium was removed and replaced with a defined MEM 
containing 10 ptg/mL transferrin, 10 /xg/mL insulin, 0.1% BSA, 0.1 
mol/L bromo deoxyuridine, 100 pirool/L vitamin C, and no serum. 
Two sets of plates (infected or noninfected) from day 2 were treated 
with 20 /xmol/L PHE to induce hypertrophy. 17 Two sets of alterna- 
tive plates were not treated with PHE. 

Day 5 

Multiple-phase contrast images of cell populations were taken from 
each plate to establish cell counts and viability. Both attached cells 
and dead cells (ie, floaters) were counted. 

Cells were harvested for Western and Northern blots, ["(^phenyl- 
alanine experiments, or fluorescence measurements of cytosolic 
calcium. 

Cell Death and Protein Synthesis 

The number of dead cells was estimated by counting attached cells 
and floaters in culture dishes. Total protein was measured by 
bicinchoninic acid assay (Pierce) after counting the cells in culture. 
Protein synthesis rate was measured using radioactive amino acid as 
described by Simpson. 17 To this aim, the culture media was brought 
to 0.1 /iCi/mL [phenylalanine on day 3, and on day 5 ['^phe- 
nylalanine incorporation into the total cell protein was determined by 
scintillation counting. 

Western and Northern Blot Analysis 

SERCA protein content was determined by Western blots, as 
previously described. 12 - 1 * Wild SERCA1 and inactive SERCA1 
mutant were detected using primary antibodies CaF3-5C3 13 and 
Mycl-9E10 for the c-niyc tag. 18 Endogenous SERCA2a was de- 
tected using MA3-919 antibody (Affinity Bioreagents). Atrial natri- 
uretic factor (ANF), skeletal a-actin, and 18S mRNA levels were 
determined by Northern blots as described by Sumbilla et al. 12 
cDNA probes for rat ANF and skeletal a-actin were radiolabeled 
with a[ 32 P]-dCTP using a random priming labeling kit (Amersham). 
The synthetic oligonucleotide probe for 18S mRNA was radiolabeled 
by terminal deoxyrracleotide transferase with apPJ-dCTP." Values 
for ANF and actin mRNA were normalized to endogenous 18S 
mRNA. In situ immunofluorescence staining of SERCA 1 was 
performed as previously described. 7 



Intracellular Calcium Measurements 

As described previously, 16 cell cultures were loaded with the Ca 2 * 
indicator dye FIuo-4, mounted on an Olympus 1X70 inverted 
microscope, and superfused with Ringer's buffer solution at 
30±2°C. The cells were field-stimulated, and cell fluorescence was 
recorded, corrected for background signal, and plotted as AF/Fo. 
Some experiments were conducted with cells loaded with the 
indicator dye Fura-2. 1 * 

Apoptosis 

Apoptosis was assessed by microscopic visualization of condensed 
nuclei and electrophoretic demonstration of fragmented DNA pat- 
terns. For nuclear visualization, the cells were fixed with 4% 
paraformaldehyde (Sigma) and stained with 10 /tg/mL Hoechst 
33258 (Sigma B2283) in the presence of 0.1% Triton X-100 
overnight in the dark at 4°C as previously described. 20 The stained 
cells were then visualized using an ultraviolet light (365 nm) on a 
Zeiss inverted microscope. 

For demonstration of fragmented DNA partem, DNA was isolated 
by phenol extraction and ethanol precipitation 21 and run on a 1% 
agarose gel. DNA patterns were compared with the classic fragmen- 
tation of DNA isolated from myocytes treated with staurosporin to 
induce apoptosis. 22 

Statistical Analysis 

Experiments were done in triplicate. Data set comparisons were 
performed with Student's unpaired, 2-tailed /-test. Difference in 
mean values were considered statistically significant at P<0.05. 

Results 

Efficiency of Exogenous Gene Transfer in 
Neonatal Rat Cardiac Myocytes 
In infections with adenovirus vectors, an important vari- 
able is the number of viral particles per cultured cell. We 
characterized this variable in our experiments by exposing 
neonatal rat cardiac myocytes to increasing titers (0 to 20 
pfu/cell) of recombinant adenovirus vectors. It is important 
to realize that we indicate here viral titer with reference to 
pfu per attached, rather than seeded, cell to circumvent the 
variability of seeding rate in various experiments. Fluores- 
cence images of cell cultures infected with EGFP virus 
revealed that 100% infection of rat myocytes is obtained 
with a viral titer of 5 pfu/cell (Figure 1A). Western blot 
analysis of SERCA 1 expression revealed similar titer 
requirements. This pattern is different from that observed 
in chicken myocytes, 12 in which the titer required for 100% 
infection is 10 pfu/cell (Figure IB). 

Viral Infection and Cell Viability 

Exogenous SERCA expression in neonatal rat cardiac myo- 
cytes decreases cell viability, resulting in detachment of a 
significant number of cells (floaters) even at viral titers as low 
as 5 pfu/cell (Figure 1A). This effect is observed to a much 
lesser extent in chicken-embryo cardiac myocytes (Figure 
IB). It should be pointed out that an identical cytotoxic effect 
is produced by expression of wild-type SERCA1 or inactive 
SERCA mutant. Similar toxicity was observed after expres- 
sion of SERCA2 (cDNA from either chicken or rabbit) in rat 
myocytes (not shown). EGFP virus (Figure 1A) and empty 
virus (not shown) also produce toxic effects. However, these 
effects are observed at significantly higher titer. It is clear that 
the range of viral titer between induction of protein expres- 
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Figure 1. Exogenous gene expression or cell death after infec- 
tion with increasing titer of adenovirus vectors. A, Neonatal rat 
cardiac myocytes. B, Chicken embryo cardiac myocytes. •, 
percentage of cells exhibiting EGFP expression; □, levels of 
wild-type SERGA1 expression; ■, percentage Of cell death after 
expression of SERCA1; V, inactive SERCA1 mutant; ♦, EGFP. 
EGFP was visualized by fluorescence microscopy, and SERCA 
protein was visualized by reaction with specific antibodies. 
Number of dead cells was determined by counting detached 
cells (floaters). 

sion and production of toxicity is narrower for SERCA than 
for EGFP (Figure 1A). 

Although we only use viral vectors derived from the first 
large-scale amplification of purified plaques, we considered 
whether the observed cytotoxic effects may be attributable to 
the presence of El A and consequent replication of adenovirus 
in the infected cells. To rule out this possibility, we conducted 
parallel infections (1 pfu/cell) of A549 cells (able to amplify 
only replication-competent and not replication-defective vi- 
rus) and HEK293 cells (ElA-transformed, used to amplify 
replication-defective virus) with SERCA 1 adenovirus. We 
found no significant cell death in the A549 cells 3 days after 
infection, whereas 100% of the HEK293 cells were detached 
and obviously dead (Figure 2). Furthermore, plaque assays 
showed a 3 order of magnitude increase of plaque density in 
HEK293 cells and no increase in A549 cells and rat cardiac 
myocytes. This demonstrates that our stock of adenovirus 
vector does not contain El A or replication-competent 
contaminants. 

In situ immunofluorescence staining with antibodies spe- 
cific for the exogenous SERCA1 reveals very dense packing 
of ATPase molecules within intracellular membranes even in 
seemingly healthy cells (Figure 3). Drastic structural changes 
are apparent in cells undergoing cytotoxic effects (Figure 3). 
It is noteworthy that cytotoxic effects are produced by 
wild-type SERCA and inactive SERCA mutant as well 
(Figure 1). It is likely that SERCA targeting of intracellular 
membranes and dense packing of ATPase molecules within a 
rather limited membrane space (Figure 3) produce perturba- 
tion of membrane structure and function and consequent 
alteration of calcium homeostasis. Furthermore, die occur- 
rence of nuclear condensation and DNA fragmentation (Fig- 
ure 4) suggests that apoptotic mechanisms, rather then necro- 
sis, are involved in the cytotoxic effects of SERCA 
expression. The apoptotic index (percentage of nuclei exhib- 
iting condensation) was 7% in myocytes infected with 2 
pfu/cell and 31% in myocytes infected with 10 pfu/cell. It is 
noteworthy that similar apoptotic effects (Figure 4B) are also 
produced by higher titers of EGFP or empty virus. 



A549 




Figure 2. A549 and HEK293 cells infected with adenovirus vec- 
tor carrying SERCA1 cDNA under control of the CMV promoter. 
Both cultures were infected with 1 pfu/cell, and the images 
shown above were obtained by phase-contrast microscopy 3 
days after infection. Note that the (E1A-transformed) HEK293 
cells undergo extensive cytotoxicity because of viral replication. 
On the other hand, the A549 cells remain perfectly healthy, 
demonstrating that the adenovirus vector used in these experi- 
ments lacks E1A and is replication-defective. 



Cell Growth and Synthesis of Total and Specific 
SERCA Protein 

An unexpected finding was that, under certain conditions, 
infection with adenovirus vector promotes increase in cell 
size and total protein synthesis. The magnitude of this effect 
is comparable to that of PHE. Figure 5 presents images of 
neonatal rat cardiac myocytes maintained with a defined 
medium in the absence of serum (Figures 5A and 5D), 
exposed to serum for 1 day (Figures 5B and 5E), or exposed 
continuously to serum (Figures 5C and 5F). Cells in Figures 
5C through 5E were infected with SERCA 1 virus. The cells 
were observed by phase-contrast microscopy 4 days after 
seeding. It is clear that the cells exposed continuously 
(Figures 5C and 5F) to serum are larger than the cells not 
exposed to serum (Figures 5 A and 5D), independent of 
whether they were infected or not. This increase in cell size is 
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Figure 3. Intracellular membrane targeting of exogenous 
SERCA1 expression in neonatal rat cardiac myocytes and vari- 
ous cytotoxic stages. All cells were infected (4 ptu/attached cell) 
with adenovirus vector carrying SERCA1 cDNA under control of 
the CMV promoter. Exogenous SERCA was detected with spe- 
cific monoclonal and fluorescent secondary antibodies. Selected 
myocytes show normal intracellular membrane network and 
dense packing of SERCA molecules within an apparently limit- 
ing membrane space (A, B, and C). A myocyte undergoing cyto- 
toxic damage shows coalescence of intracellular membranes 
and rounded shape (D). 

comparable to that observed in cells treated with PHE (not 
shown). On the other hand, under conditions of limited 
exposure to serum, the size of infected cells is larger than that 
of noninfected cells (compare Figures 5B and 5E). 

We next investigated whether the transcriptional pattern of 
cell growth and protein synthesis triggered by exogenous 
gene transfer was the same as that triggered by PHE. To this 
aim, we tested specific markers of ot-adrenoceptor-mediated 
hypertrophy, 23 - 25 such as ANF and skeletal a-actin mRNA. 
We found these markers increased in myocytes treated with 
PHE but not at all increased in infected myocytes undergoing 
increase in size in the absence of PHE (Figure 6). 

In all cases, the observed changes in cell size were matched 
by increased total protein content per cell (not shown) and 
rates of protein synthesis as revealed by radioactive phenyl- 
alanine incorporation (Figure 7A). In agreement with earlier 
studies, ,7 we found that treatment with PHE for 48 hours 
resulted in a 70% increase in [ 14 C]phenylalanine incorpora- 
tion, independent of viral infection. A similar increase was 
observed in the infected cells undergoing increase in size 
(compare control and infected cells in the absence of PHE, 
Figure 7A). 

With regard to specific synthesis of SERCA, we found that 
endogenous SERCA2a is produced at the same level (per 
total protein unit weight) in control myocytes and myocytes 
undergoing PHE hypertrophy (Figure 7B). The endogenous 
SERCA2a level, however, is significantly reduced after 
infection with SERCA 1 adenovirus (Figure 7B). This is likely 
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Figure 4. Nuclear condensation and DNA fragmentation in myo- 
cytes undergoing apoptosis as a consequence of exogenous 
SERCA overexpression. Top, Visualization of H&E-stained nuclei 
in infected myocytes. Bottom, Electrophoretic pattern of DNA 
extracted from control myocytes, attached myocytes, floaters 
infected with EGFP, wild-type SERCA1, or mutant SERCA1, and 
myocytes treated with staurosporine. 22 Note that even though 
DNA fragmentation is present in the EGFP floaters, the number 
of EGFP floaters is very low (Figure 1). Neonatal rat myocytes 
were infected (6 pfu/attached cell) with adenovirus vector. 

attributable to competition with exogenous SERCA expres- 
sion and membrane occupancy. In fact, we have previously 
shown 16 that even in noninfected myocytes, endogenous 
SERCA2a is quite densely spaced in the sarcoplasmic retic- 
ulum membrane. The total Ca 2+ -dependent (thapsigargin- 
sensitive) ATPase (per total protein unit weight) is increased 
more than 3-fold in infected myocytes as a consequence of 




Figure 5. Control and infected neonatal rat cardiac myocytes 
maintained in the presence and absence of serum. A and D, 
Defined (no serum) medium for 4 days. B and E, Normal (with 
serum) medium for 1 day and defined (no serum) medium for 3 
days. C and F, Normal (with serum) medium for 4 days. A B, and 
C, control (noninfected) cells. D through F, Infection (2 pfiVcell) with 
SERCA1 adenovirus 1 day after seeding. AB images were obtained 
by phase-contrast microscopy 4 days after seeding. 
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Figure 6. Analysis of transcriptional markers of hypertrophy in 
infected or PHE-treated myocytes. ANF Northern blot analysis 
of RNA samples isolated from cell cultures was used to identify 
the markers of hypertrophy. The blots were hybridized to pP]- 
labeled probes complementary to ANF and actin. When normal- 
ized to endogenous 18S mRNA, both ANF and skeletal a-actin 
increased in myocytes treated with PHE as expected. Infecting 
cells with either SERCA1 or EGFP virus resulted in only a mod- 
est increase of the 2 hypertrophy markers. 

exogenous SERCA1 expression (Figure 7C). In fact, the rate 
of exogenous gene expression was higher in cells treated with 
PHE, as revealed by EGFP fluorescence and SERCA Western 
blots (results not shown). Consistent with these findings, the 
cytotoxic effect of SERCA expression was observed at lower 
titers in PHE-treated myocytes than in nontreated myocytes. 

Exogenous SERCA Expression and Ca 2+ Transients 
The experiments reported above emphasize the importance of 
establishing conditions that limit exogenous SERCA expres- 
sion to levels producing minimal cell damage while still 
improving the kinetics of Ca 2+ transients. In a preliminary set 
of experiments, neonatal rat cardiac myocytes were infected 
with viral titers producing minimal cell damage (ie, 4 and 2 
pfu/cell in the absence and presence of PHE, respectively). 
Ca 2+ transients were then measured using the fluorescent 
Ca 2+ indicator dye fluo-4 after a voltage stimulus. The data 
shown in Figure 8 were averaged from transients obtained 
from several cells selected at random (n=15 to 30). They 
demonstrate that a faster decay to baseline can be obtained 




after limited overexpression of exogenous SERCA in cells 
incubated either in the absence (Figure 8A) or in the presence 
(Figure 8B) of PHE. It is of interest that development of 
PHE-induced hypertrophy by itself does not significantly 
affect the Ca 2+ transients (compare control and PHE tran- 
sients in Figures 8A and 8B, respectively). 

A series of measurements were also made with Fluo-4 in 
myocytes exposed to various viral levels, ranging between 
0 and 10 pfu/seeded cell. Ca 2+ transients were then 
obtained from several cells selected randomly in each 
plate. The time constants of decay and one-half width of 
the transients were averaged with the understanding that at 
viral titer <1 pfu/cell, the average values derive in part 
from infected and in part from noninfected cells. Never- 
theless, it is clear from Figure 8C that the average decay 
constant of the entire cell population is significantly 
shortened after infection with 2 pfu/cell. This later titer 
produces minimal toxicity. Most importantly, Figure 8 
shows that no additional reduction of the time constants is 
obtained by raising the viral titer above 2 pfu/cell. 

We also obtained measurements with the indicator fura-2 
and noted a modest reduction of the resting Ca 2+ concentra- 
tion in the cytosol of infected cells (24 ±5 nmol/L versus 
42±7 nmol/L). On the other hand, no significant change in 
the peak Ca 2+ concentration on stimulation after adequate rest 
was observed. 16 However, these measurements were obtained 
from healthy cells. Dead cells are supercontracted and often 
floating and are not suited to cytosolic calcium 
measurements. 

Discussion 

This study identifies important collateral effects of adenovirus 
vectors and gene transfer in neonatal rat cardiac myocytes as 
they relate to specific SERCA expression and modification of 
cytosolic Ca 2+ transients. Cytotoxic effects, resulting in cell 
deathj. are most important collateral effects and are more prom- 
inently observed in neonatal rat than in chicken embryo myo- 
cytes. The difference in titer requirements may be a function of 
viral receptor density (related to species or tissue) as well as cell 
proliferation and density. Whereas the neonatal rat myocytes 




Figure 7. Total protein, endogenous SERCA2, and exogenous SERCA1 expression in neonatal cardiac myocytes in the absence and 
presence of PHE A, ["CJPhenylalanine incorporation as an index of total protein synthesis; the ['"(^phenylalanine pulse was added on 
day 3 after seeding. B, Endogenous SERCA2 expression as indicated by Western blots. C, Ca 24 ATPase (thapsigargin-sensitive) activity 
in control (noninfected) and infected cells. When indicated, cells were infected (4 pfu/celO on day 2 after seeding, and PHE was added 
on day 2. In all cases, the cells were sampled on day 5. 
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Figure 8. Effect of exogenous SERCA expression on cytosolic Ca 24 transients in neonatal rat cardiac myocytes. A and B, Averaged 
Ca 2+ transients after repeated single-excitation pulses in noninfected and infected cells in the absence (A) and presence (B) of PHE- 
induced hypertrophy. When indicated, infection was performed with adenovirus carrying SERCA1 cDNA under control of the CMV pro- 
moter. The adenovirus titer was 4 pfu/cell in the absence of PHE and 2 pfu/cell in PHE-treated cells to account for the higher expres- 
sion in these cells. C, Decay constants and half widths obtained in cells infected with increasing viral titer. Reported values were 
averaged from the Ca 2+ transient of individual cells infected with SERCA1 virus. Cells in culture were selected at random for the mea- 
surements of Ca 2+ transients. It is apparent that the Ca 2 * transients of the entire cell population are optimally affected by a viral titer of 
4 pfu/cell in the absence of PHE and 2 pfu/cell in the presence of PHE. 



display limited cell division, the chicken embryonic myocytes 
proliferate significantly over the same period of time. We find 
that the entire population of rat myocytes is effectively infected 
with a viral titer of 2 to 5 pfii/attached cell, resulting in 
expression of SERCA levels that are sufficient to modify 
significantly the cytosolic Ca 2+ transients. On the other hand, a 
significant percentage of rat myocytes receiving more than 2 to 
4 pfu/cell undergo cytotoxicity and end up as floaters. The 
nuclear condensation and DNA fragmentation observed in our 
experiments are consistent with apoptotic death. 26 It is notewor- 
thy that DNA fragmentation was also noted 27 in oncotic myo- 
cytes of infarct areas. 

Because interference with cardiac gene transcription 28 and 
apoptotic effects 29 - 30 can be produced by adenovirus El A, we 
made special efforts to exclude the presence of E1A and 
replication-competent virus in our preparation (Figure 2). 
Furthermore, the cytotoxic effects produced by EGFP or 
empty virus require a much higher titer than those produced 
by SERCA virus (Figure 1). It is likely that excessive 
expression and dense packing of membrane-bound SERCA 
molecules (Figure 3) damage the structural integrity of 
intracellular membranes. The consequent perturbation of 
membrane structure and function interferes then with intra- 
cellular calcium homeostasis. It is noteworthy that toxic 
effects are also observed with EGFP virus or empty virus if 
titers significantly higher are used. 

Another collateral effect of viral infection is the increase in 
cell size and total protein synthesis observed under conditions 
of limited exposure to calf serum. This effect is in some cases 
of magnitude comparable to that of PHE hypertrophy but 
does not involve reversal to the fetal transcription pattern. 
The growth stimulus is evidently attributable to serum growth 
factors and is likely related to facilitated access from the 
medium to the cytosol in the infected myocytes. No effect of 
infection on growth is observed in the absence of serum, and 
maximal growth is observed independent of infection when 
the myocytes are continually exposed to serum. Awareness of 



this effect is likely to be helpful in studies of viral vectors and 
exogenous gene expression. 

The optimal level of exogenous SERCA expression is 
clearly the viral titer that produces minimal toxic effects 
while achieving the desired functional response. This limit is 
2 to 4 pfu/cell in neonatal rat cardiac myocytes expressing 
exogenous SERCA gene under control of the CMV promoter. 
This titer yields a 3-fold increase in SERCA activity and a 
pronounced kinetic effect on the cytosolic Ca 2+ transients 
attributable to faster Ca 2+ uptake by the sarcoplasmic reticu- 
lum. At higher viral titers, we observed no additional accel- 
eration of Ca 2+ transients but apoptotic death of a significant 
number of myocytes. It should be noted that we used the 
SERCA1 rather than the SERCA2 isoform, because SERCA1 
has a higher turnover and can influence calcium transients 
with lower (and less toxic) levels of expression compared 
with SERCA2. 16 

An interesting alternative to our experiments of expression 
under control of the strong CMV promoter is the use of 
weaker promoters. We found that in this case, a higher viral 
titer is required to obtain SERCA expression levels that are 
effective on calcium transients. Consequently, no significant 
improvement in cytotoxicity is realized. Additional studies 
with promoters that may have the advantage of cell specific- 
ity as well as suitable strength are being conducted in our 
laboratory. 

It is of interest that myocytes rendered hypertrophic by 
treatment with PHE increase their production of endogenous 
SERCA2a in proportion to total protein and retain unchanged 
Ca 2+ transients. On the other hand, they react to adenovirus 
infection with faster expression of exogenous gene. Thereby, 
expression of exogenous SERCA and acceleration of Ca 2+ 
transients, as well as cytotoxicity, are obtained at lower viral 
titers. 

In conclusion, attempts to influence Ca 2+ homeostasis by 
exogenous SERCA gene expression require careful control of 
protein expression levels and characterization of associated 
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cell functions. Failure to optimize conditions for adenovirus 
vector delivery and define collateral effects in various cell 
types is likely to create unwanted interference with progress 
in the experimental, and possibly therapeutic, use of this 
procedure. 
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Improvement in Survival and Cardiac Metabolism After 
Gene Transfer of Sarcoplasmic Reticulum Ca 2+ -ATPase in a 
Rat Model of Heart Failure 

Federica del Monte, MD, PhD; Eric Williams, BS; Djemal Lebeche, PhD; Ulrich Schmidt, MD, PhD; 
Anthony Rosenzweig, MD; Judith K- Gwathmey, VMD, PhD; 
E. Douglas Lewandowski, PhD; Roger J. Hajjar, MD 

Backgrvund—ln heart Mure, sarcoplasmic reticulum (SR) Ca 3+ -ATPase (SERCA2a) activity is decreased, resulting in 
abnormal calcium handling and contractile dysfunction. We have previously shown that increasing SERCA2a 
expression by gene transfer improves ventricular function in a rat model of heart failure created by ascending aortic 

Mxh^wTResults— In this study, we tested the effects of gene transfer of SERCA2a on survival, left ventricular (LV) 
volumes, and metabolism. By 26 to 27 weeks after aortic banding, all animals developed heart failure, (as documented 
by >25% decrease in fractional shortening) and were randomized to receive either an adenovirus carrying the SERCA2a 
gene (Ad.SERCA2a) or control virus (Ad.jSgal-GFP) by use of a catheter-based technique. Sham-operated rats, 

■ uninfected or infected with either Ad.jSgal-GFP or Ad.SERCAZa, served as controls. Four weeks after gene transfer, 
survival in rats with heart failure treated with Ad.0gal-GFP was 9%, compared with 63% in rals receiving 
Ad.SERCA2a. LV volumes were significantly increased in heart failure (0.64±0-05 versus 0.35 ±0.03 mL, i><0.02). 
Overexpression of SERCA2a normalized LV volumes (0.46+0-07 mL) in the failing hearts. 3t F NMR analysis showed 
a reduced ratio of phosphocreatine to ATP content in failing+Ad.0gal-GFP compared with sham+AcLSgal-GFP 
(0.82±0.13 versus 1.38±(U4, P<0.01). Oerexpression of SERCA2a in failing hearts improved the pliosphocreatine/ 
ATP ratio (1.23+0.28). 

Conclusions — In this study, we show that unlike inotropic agents that improve contractile function at the expense of 
increased mortality and worsening metabolism, gene transfer of SERCA2a improves survival and the energy potential 
in failing hearts. {Circulation. 2001;104:1424-1429.) 

Key Words: gene therapy m heart failure ■ calcium ■ excitation ■ contractility 



In cardiac muscle, both contraction and relaxation are 
intimately dependent on the function of the sarcoplasmic 
reticulum (SR) Ca- + -ATPase (SERCAla) pump, which is 
regulated by phospholamban. In congestive heart failure, 
deficiency in SERCA2a results in abnormal calcium handling 
and diminished contraction. 1 - In addition, a decrease in 
phosphorylation of phospholamban has been reported in 
failing hearts, along with an increase in the phospholamban/ 
SERCA2a ratio, contributing to the contractile dysfunction in 
heart failure.- 1 '* These results are consistent with the .model 
that a decrease in SERCA2a levels alters intracellular calcium 
homeostasis and contributes to contractile dysfunction in 
failing hearts. 

Recently, we showed that restoration of SERCA2a to . 
control levels in isolated tailing human curdlo myocytes 



Improved contraction and relaxation by correcting calcium 
handling. 5 Furthermore, in an animal model of heart failure, 
adenoviral gene transfer of SERCAla improved contractile 
function in vivo, demonstrating the importance of SERCA2a 
as a therapeutic target.* Pharmacological agents that increase 
contractility, however, have been shown to worsen survival in 
patients with heart failure and to increase the energetic 
demand.* The heart requires a continuous supply of energy in 
the form of ATP by mostly oxidative metabolism, with the 
. major energy reserve molecule represented by phosphocre- 
atine (PCrV* In the normal heart, although the majority of 
Ihe energy consumption is due to cross-bridge cycling, 
relaxation requires an energy expenditure of 15% to remove 
Car* from the cytoplasm. This high level of energy required 
by SERCA2a reaction is directly related to rue magnitude of 
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the Ca : * gradient across the SR. 5 Falling hearts have a 
reduced PCr/ATP ratio, so less energy reserve is available for 
the cellular processes. 

In this study, we tested the hypothesis that unlike currently 
used pharmacological agents that increase inolropy, reconstf- 
tution of normal levels of SERCA2a by adenoviral gene 
transfer would improve contractile performance as well as 
survival in aortic-banded rats that have developed heart 
failure without adversely affecting energetics. 

Methods 

Construction of Recombinant Adenoviruses 
To construct the adenovirus containing 5ERCA2a cDNA, we used 
tie method described by He etal, 10 whereby the backbone vector, 
containing most of the adenoviral genome (pAd.EAS Y 1), is used and 
the recombination is performed in Escherichia cqIL SERCAla 
cDNA was subcloned into the adenoviral shuttle vector 
(pAd-TRACK), which uses tbe cytomegalovirus (CMV) long termi- 
nal repeat as a promoter. The shuttle vector used also bas a 
concomitant green fluorescent protein (GFP) under the control of a 
separate CMV promoter. An adenovirus containing both 
f}-galactosida$e and GFP controlled by separate CMV promoters 
(Ad.0gol-CFP) was used as control. The adenoviruses were propa- 
gated in 293 cells. The titers of stocks used for these studies 
measured by plaque assays were 3x10" pfu/mL for Arl/Jgal-GFP 
and 1.SX10" pfu/mL for Ad.SERCA2a T with particle/pfu ratios of 
S:l and 18:1, respectively. These recombinant adenoviruses were 
tested for the absence of wild-type virus by polymerase chain 
reaction of the early transcriptional unit EL 

Experimental Protocol 

Four-week-old Sprague-Dawley rats (Charles River, Mass; 70 to 
SO g) were anesthetized with pentobarbital (&> mg/kg If*) and placed 
on a ventilator. A suprasternal incision was made, exposing the aortic 
root, and a tarualom dip with an ID of OjB mm (Week, Inc) was 
placed on the ascending aorta. Animals in the sham group underwent 
a similar proccdnre without insertion of a Clip. The supraclavicular 
incision was then dosed, and the rals were transferred back to their 
cages. The supraclavicular approach was performed because during 
gene delivery, a thoracotomy is necessary, and if die thorax is not 
opened during the initial aortic banding, adhesions are avoided when 
gene delivery is performed. 

The animals were initially divided into 2 groups: 1 group of 45 
animals with aortic banding and a second group of 42 animals that 
were sham-operated. Three animals in the aortic banding group did 
not survive the initial operation, and 2 animals in the sham-operated 
group did not survive. In (he aortic-banded animals, we waited 26 to 
28 weeks for the animals to develop left ventricular (LV) dilatation 
before cardiac gene transfer, to this last group as well as in the 
sham-operated group, 14 animals did not undergo gene transfer and 
were followed longitudinally. The rest of the animals underwent 
adenoviral gene transfer with either A<LSERCA2a or Ad.0gai-C1FP. 

"P NMR Measurements 

Hearts were relrogradely perfused from a 100-cm hydrostatic perfu- 
sion column with modified Krcbs-Henselcit buffer (mmol/L: NaCl 
.1 16. KCl 4, CaCl. 1.5, MgSQ, 1.2, NoHjPO, 1.2, and NaHCOj 25, 
equilibrated with 95% COj at JVC) that contained 5 mmoVL 
glucose In a 2-L reservoir. Hearts beat spontaneously, contracting 
against a fluid- Riled intraventricular balloon connected to a pressure 
transducer and inflated to an end-diastolic pressure of 5 mm Hg. A 
10-10 15-mL volume of coronary effluent bathed the bean. A stable 
energetic state in rat hearts was confirmed from "P NMR signals of 
PCr. ATP, and inorganic phosphate (P^ as previously ctescribed. H 
NMR data were collected on a Broker 400-MHz spectrometer 
interfaced to a °.4-T, vertical-bore, superconducting magnet. U P 
spectra were obtained from, isolated hearts perfused within a broad- 
band. 20-mra NMR probe (Broker Instruments). "P NMR spectra 



were acquired in 128 scans with a 161-MHz, 45" excitation putSe, a 
1.8-sccoad repetition time, 35 ppm sweep width, and S000 data 
points. Peak assignments were referenced co the well-established 
resonance signal of PCr at 0 ppm, with identification and assignment 
of the a-, p-, and y-pbosphate signals of ATP. Signal intensity was 
determined by NMR-dedicatcd data analysis. 

Serial Echocardiographic Assessment 
After 18 weeks of banding, serial echocardiograms were performed 
weekly in lightly anesthetized animal* (pentobarbital 40 mg/kg IP). 
Transthoracic M-mode and 2D echocardiography was performed 
with i Hewlett-Packard Sonos 5500 imaging system with a 12-MHz 
broadband transducer. A mid-papQlsry level LV short-axis view was 
used, and measurements of posterior wait thickness. LV diastolic 
dimension, and fractional shortening were collected. Gene transfer 
was performed in all animals within 3 days of defection of a drop in 
fractional shortening of >25% compared with the fractional short- 
ening at IS weeks after banding. In die sham -opera ted rais, gene 
delivery was performed at 27 weeks^ 

Adenoviral Delivery Protocol 

The group of animals subjected to aortic banding were further 
subdivided Into 3 additional groups of 16, 12, and 14 receiving 
A(LSERCA2a, Ad_/3gal-GFP, or no adenovirus, respectively. The 
group of sham-operated animals was also subdivided into 3 groups of 
14, 12, and 14 receiving AtLSERCA2a, Ad-Pgal-OFP, or no adeno- 
virus. The adenoviral delivery system has been described previously 
by our group in detail. 11 - 13 Briefly, after rhe ran had been anesthe- 
tized and a thoracotomy performed, a 22-gauge catheter containing 
200 mL of adenoviral solution (lO" pfu) was advanced from the 
apex of die LV to the aortic root The aorta and main pulmonary 
artery were clamped for 20 seconds distal to the site of the catheter, 
and the solution was injected; then the chest was closed and the 
animals were allowed to recover. 

Measurements of LV Volume and Elastance 
Rats in rhe different treatment groups were anesthetized with 65 
mg/kg of pentobarbital and mechanically ventilated- A 1.4F higb- 
Fidelity pressure transducer (Millar Instruments) was introduced into 
the LV. Four 0.7-mra piezoelectric crystals were placed over the 
surface of the LV along the short axis of the ventricle at the level of 
the mitral valve and at the apex of the LV to measure the intercrysral 
distances. The LV volume was derived by use of a ma thematical 
model using Catdiosoft (Sonometrics Co). LV pressure-volume 
loops were generated under different loading condiiiorcj I by clamping 
of the inferior vena cava. The end-systolic pressure-volume relation- 
ship was obtained by producing a series of pressure-volume loops 
and connecting the upper left comers of the individual pressure- 
volume loops to generate the maximal slope. 

Western Blot Analysis and SERCA2a Activity 
The preparation of lysatcs was described earlier. Briefly, lysates 
were prepared at 4*C In a lysis buffer containing (in mmol/L) Nad 
150, MgOi t, and CaCU 1, plus. detergents and proteinase inhibitors 
(pH 7.4). The tissue was homogenized and spun at 1400 rpm 
(Sorvall) for 30 minutes. The supernatant was then filtered through 
4 layers of gauze and oentrifuged at 15 000 rpm for 60 minutes 
(Bcckman). SDS-PACE was performed on the supernatant under 
reducing condition* on 73% separation eels wit* a 4* stacking gel 
in t Mtaiprolcan II cell (Biorad). For Immunorenctioo, the blots were 
incubated with 1:2500 diluted monoclonal antibodies to SERCA2a 
(MA3-919; AffinUy BioReagentsX phosphoUunbart (Upstate Bio- 
technology), or 1:1000 diluted anti-calsenuestrin {MA3-013; Affin- 
ity Biorcagcrus) for 90 minutes at room temperature. 

Crude membranes were prepared as described by Schwinger et nl* 
ai 4"C in a buffer containing (in mmol/L) sucrose 300, PMSF I, and 
PIPES 20, pH 7.4. The tissue Was homogenized and spun at 8000 
rpm (Beckman JA 20) for 20 minutes. The supernatant was then 
filtered through -* layers of gauze and centrifuged at 35 000 rpm for 
60 minutes (Sorvall). The pellet was resuspended In a 10% sucrose 
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Figure 1. Survival-functipn curv? of B different groups studied: 
sham, n=14: sham + Ad.£gal-GFP, n=1Z; sham+Ad.SERCAZs. 
n=14; raiting, n=14; faillng-f-Ad.0gaI-GFP, n=12; 
failing+SERCA2a, n=16. 

buffer containing (in rnmol/L) KCl 400, MgCI, 0:5, CaCt, 0J, 
EGTA 04 and F1P6S 25. pH 7.0. SERCA2a activity assays were 
carried out on the basis of a pyruvate/NADH coupled -reaction as 
previously described. 1 - 131 '' Or* -ATPase activity was calculated as 
Aahsorbance/(6 .ZZXproteinxtime) in nmol ATP/(mg protetnXmtn). 

Statistics 

Ail values are presented as mean±SD. A 2-faetw ANOVA was 
performed lo compare the different hemodynamic parameters among 
the different groups. For the echocardiography data, When the 
variables were examined at various intervals, ANOVA With repeated 
measures was performed- Comparison of Survival m die different 
groups of animals was analyzed by 4 log-rank test with the 
Kaplan-Meier method- Statistical significance was accepted at the 
level ofP<0.05. 

Results 

Survival 

Figure 1 shows the survival curve for the 6 different groups 
studied. The sham-operated animals did not show any prc- 
ipaiure mortality. The sham-operated animals that were 
infected with cither Ad./3gal-GFP or Ad.SERCA2a had early 
mortalities related to the surgical Intervention, but then the 
survival curves leveled off for both shfini+Ad.f3gal-GFP and 
sham+ActSERCA2a. In the failing group, the noninfectcd 
animals had a survival curve thai decreased steadily, and at 4 
weeks the survival rate was only 18% {P <0,0005 compared 
with sham). In the failing+Ad.pgal-GFP group, the survival 
curve also decreased, and at 4 weeks the survival rate was 
only 9% (P<0,001 compared with sham + Ad. pgal-GFP). In 
the Mling+Ad.S£RCA2a group, however, the survival curve 



was significantly improved compared with failing+ 
Ad.SERCA2a (P<0.001 compared with faUing+ 
Ad.f3gal-GFP). 

Characterization of Animals 

After 18 weeks of aortic banding, Ihe animals showed . 
echocardiographic signs of LV hypertrophy, including an 
increase in wall thickness (both posterior and septal), an 
increase in posterior wall thickness, a decrease in LV dimen- 
sions, and an increase in fractional Shortening, as shown in 
Table 1. After 26 to 27 weeks of banding, these animals had 
uniformly (1) small pericardial effusions, (2) pleural effu- 
sions, (3) an increase hi lung weight, (4) ascites, and (5) 
dyspnea at rest, all indicative signs of severe heart failure. 
Echocardiographically, LV etid-diastolic dimensions in- 
creased and fractional shortening decreased. 

Cardiac Gene Transfer and SERCA2a Expression 
Protein levels of SERCA2a were decreased in failing com- 
pared with sham LVs, as shown in Figure 2A. Adenoviral 
gene transfer of SERCA2a in failing hearts increased 
SERCA2a protein expression, restoring it to levels observed 
in the nonfailing hearts. Calsequestrin did not change among 
the different groups, nor did phospholamban. As Shown in 
Figure 2B, tabulated ratios of SERCA2a to phospholamban 
and SERCA2a lo calsequestrin reveal a significant-decrease 
in failing hearts and a restoration to control levels with gene 
transfer of SERCA2a. 

SERCA2a Activity 

We measured SERCA2a activity at a calcium concentration 
of 10 mraol/L in the (1) sham+Ad.pgal-GFP, (2) 
faiIing+Ad.j3gal-GFP, and (3) fafling+Ad.SERCA2a 
groups. There was a decrease in maximal ATPase activity in 
the failing group (27.4*4.9 versus 62.2+12.8 nmol - rug""' • 
jnin"'). Gene transfer of SERCA2a restored ATPase activity 
back to normal levels in die failing group 4 weeks after gene 
transfer (61.0±8.5 nmol - mg" 1 - min" 1 ), 

NMR Spectroscopy 

Representative "P NMR spectra obtained from 3 groups of 
rats: (I) sham + Ad. 0gal-GFP, (2) failing-!- Ad.j3gal-GFP, and 
(3) failing+Ad.SERCA2a I are shown in Figure 3 A. These 
spectra show that the ratios of total amounts of PCr lo ATP 
ore lower in the failing heart than the sham heart. The 
integrated area for P, was also increased in the failing heart- 



TABLE 1. Echorantiographk) Measures hi Rats After Sham Surgery or 
Aortic Banding 



Septum, mm PW. nun ivfcpo, mm lvesd, mm re, % 

Sham 145=1.1 13.5=1.0 66.82:33 40.4x6.0 40.03:6.3 

Aortic banding. 20.t±lS| ia8±2.8t 6U±6.4"t 340±6^"t 46.0±B^'« 
(18 Weeks) 

Acrtte banding iaj±ist I6\5=2.3t 63.5±6.3§ 45.li6.af 36.0±10.4§ 
(Z7vreefcs) 

PW inoTcatiwprjsteriorwan thickness during diastole; LVEDO, LV dfameter at end diastole; LVESD, 
LV diameter at end systole; and FS, fractional shortawirj. 

•P<0.0005 va aortic bantfing (Z7 weete). 

tP<aoos, ifi<0JO0S, %P<Q.05 vs sham. 
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Figure 2. A, Imtnunoblota of SERCA2a, prwepholamban, and 
calsequastrln from crude membranes of LVs from sham rata " 
Infected with Ad.pgal-GFP, falOag rat hearts infected with 
Ad.£gal-GFP. and tailing rats infected with Ad_SEHCA2a. B. Rel- 
ative protein levels of SEHCASa normalized to either phospho- 
larnban or cafeeouestrin (n=6 in all groups). *P<0.05 to 
sham+Ad.ftjal-GFP. 



The overexpresskm of SERCA2a in failing heart restored and 
normalized the content of both PCr.and ATP (Figure 3B). 
Interestingly, we found thai overexpression of SERCA2a In 
sham-operated animals induces a reduction in PCr/ATP ratio. 

Effects of SERCA2a Overexpression on 
Pressure- Volume Relationship 

Pressure-volume analysis was 'performed in a subset of 
animals. LV volumes were significandy increased in the 
failing rats (0.6+±0.05 versus 0.35 =0.03 mL, P<0.02) and 
were decreased after SERCA2a gene transfer (0.46±0.07 
mL). The slope of the end-systolic pressure-volume relation- 
ship (Figure 4) was lower In failing hearts infected with 
Ad.jSgal-GFF (n=>5) than in sham (n-6), indicating a dimin- 



pcr S ham + Ad-pgal-GFP 

1 • i ATP 



Per Failing + Ad.pgaM3FP 



Failing* Ad. SERCAZa 




Rgure 3. A. Representative "P-NMR spectra of sham+Ad.flgal- 
GFP, fafl[ng+Ad.£gat-GFP, and faSTng+M.SeRCA2a hearts. 
Major resonances are assigned as Pi, PCr, and <*-, y-, end 
^-phosphates of ATP. Integrated peak intensities are proper- 
fjortal to metabolite content. B, Falling spectrum illustrates that 
PCr-to-ATP ratio and PCr and ATP contents ir. falling heart are 
lower than on sham heart. In spectrum of failing* AcLSERCA2a 
heart. PCr-to-ATP ratio is restored toward normal. 

felied state of Intrinsic myocardial contractility: 450 ±71 
versus 718+83 mmHg/mL (?<0.02). Gene transfer of 
$£RCA2a restored the slope of the end-systolic pressure- 
volume relationship to control levels (691±91 mm Hg/mL, 




Figure 4. LV pressure (LVP) vs LV volume detected by pteso- 

electric crystals In a sham+/> J " 

failing + Ad.pgal-GFP heart, a 
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TABLE 2. Morphomelric Analyses 



Sham-t-Ad.pgai-CiFP Sham+Ad.SEHCA2a Faflmg+Alftgal-GFP FaTing+Ail.SERCA2a 



HW/TLxiC. g/rnm 



3.710.3 
44.83:4.3 



4.4±0.6 
55.3±6.2 



4.4:5:0.5- 
S0.8±4.4* 



4.3±0.4" 
50.3+6.3- 



n=6, P<0.03 versus failing+Ad./3gal-GFP; P>0.1 versus 
sham+Ad.pgal-GFP)- 

Effect on Morphological Parameters 
As shown in Table 2, the failing hearts had a significant . 
increase in heart weight when normalized to either tibial 
length or body mass. Gene transfer of SERCA2a in the failing 
heart did not have a significant effect On LV mass whether 
normalized to tibial length or body mass. 

Discussion 

In this study, we show thai in an animal model of heart failure 
and contractile dysfunction, restoration Of SERCA2a expres- 
sion by cardiac gene transfer in vivo improves not only 
contractile function but also survival and cardiac energetics. 

Abnormal SR Function and Cardiac Gene 
Transfer of SERCA2a 

Impaired SERCA2a activity is one of the main characteristics 
associated with abnormal Calcium handling in heart failure. ^ 
A decrease in 5ERCA2& relative to phospholamban and a 
reduciion of phosphorylation of phospholamban contribute to 
the contractile dysfunction in human heart failure. 2 - 1 More 
recently, the ratio of rbe Na/Ca exchanger to SERCA2a has 
been shown to be increased in failing hearts and to be 
predictive of diastolic function in these hearts. 15 Gene transfer 
of SERCA2a corrects both the SERCA2a/phospholarnban 
ratio and the SERCA2a/Na/Ca ratio and would contribute to 
restoring both systolic and diastolic function. 

In our study, we showed that SERCA2a. protein levels were 
restored to normal levels hj the failing hearts and that this 
effect was sustained for up to 4 weeks. This seemed some- 
what surprising, because first-generation adenoviruses induce 
transient expression peaking at 7 lb 10 days and disappearing 
alter 10 days.' 4 Endogenous turnover of SERCA2a, however, 
is «14 to 15 days in young rats and longer in older rats,' 7 
which would explain the sustained levels of SERCA2x 

SERCA2a Expression and Cardiac Energetics 
Decreased energy reserve via the creatine kinase reaction is a 
characteristic finding in both human and experimental heart 
failure,*- 1 "-' 9 This decrease in energy reserve contribute? to 
the development of contractile dysfunction in heart failure. lv 
In addition, an increase in intracellular P t has been shown to 
reduce SR calcium loading and to depress calcium-induced 
calcium release. 3 " Local ATP regeneration by the creatine 
kinase system is one mechanism the cell can use lo improve 
Ca ; * uptake by the SR in conditions in which an excessive 
increase in cytoplasmic [Or*~\ may have deleterious efjects- 
Rcccntly, Tian et al* showed that pharmacological inhibition 
of creatine kinase resulted in altered energetics and induced 



abnormal Ca 5 * handling and contractile dysfunction in the rat. 
In our experiments, restoring SERCA2a levels to normal 
induced an improvement in the ratio of PCr to ATP. 

The findings of improved cardiac energetics in heart failure 
was somewhat Surprising, because an increase in contractility 
by S£RCA2a overexpression would be anticipated lo in- 
crease ATP hydrolysis, thereby driving PCr down. Indeed, 
this increase in ATP hydrolysis is consistent with our obser- 
vation of reduced PCr/ATP in the group of sham-operated 
hearts that were overexpressing SERCA2a_ These results are 
also consistent with previous results showing that PCr/ATP 
was decreased in the phospholamban-deEcient hearts relative 
to the wild-type hearts. 21 

In heart failure, however, elevated calcium levels would 
increase energy demand. To maintain low levels of diastolic 
Ca 2+ , a high level of free energy released from ATP hydro- 
lysis flAGpD is necessary. To maintain the normal Ca ,+ 
gradient (~10 000-fold between the cytosol and the SR), the 
SERCAZa reaction requires a |AGp| of 2=52 kJ/mol, 85% to 
9096 of it from ATP.' Therefore, of all the ATPase reactions 
in cardiac myocytes, the SERCA2a reaction is the most 
vulnerable to a decrease in |AGp|. 

Survival After Gene Transfer: 
Therapeutic Implications 

In Ibis model of heart failure, SERCA2a overexpression 
improved parameters of inotropy and normalized contractile 
reserve. These effects translate into an inotropic intervention. 
Other inotropic interventions, however, have been shown 
clinically to increase mortality. 11 There are, however, signif- 
icant differences between enhancing inotropy with pharma- 
cological agents that usually increase cAMP and gene trans- 
fer of SERCA2a_ Unlike agents that increase cAMP, thereby 
increasing intracellular Ca : ", restoration of SSRCA2a levels 
decreases diastolic Ca 1 *. Furthermore, it has been shown that 
sustained elevations of resting Car* lead to activation of 
serine-threonine phosphatases, including caicineurin, induc- 
ing hypertrophy and cell death. 11 Therefore, a decrease in 
diastolic Ca- f may in effect reduce the proapoptotic and 
prohypertrophy signaling. Heart failure is associated with an 
Increased incidence of ventricular arrhythmias, and triggered 
activity is a probable mechanism of arrhyrhmogenesia in 
heart failure. The increase in intracellular calcium secondary 
lo SERCA2a downregulation increases the arrhythmogenic 
potential. Preventing an increase in intracellular calcium by 
overexpression of SERCA2a prevents the induction of trig- 
gered activity. Furthermore, improvement in energetics Is 
another important finding in this study that may have a direct 
influence on survival. 

Conclusions 

Our results demonstrate that restoring SERCA2a expression 
can improve not only systolic and diastolic performance In 
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failing hearts but also Survival and cardiac energetics. Fur- 
thermore, SERCA2a normalization hale? the adverse remod- 
eling thai occurs with congestive heart failure. This study 
validates the feasibility of cardiac gene transfer in failing 
hearts as a therapeutic modality. 
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Intracardiac gene transfer and gene therapy have been 
Investigated with different vector systems. Here we used 
adeno-assoclated virus (AAV) vectors to deliver either a 
reporter gene or a therapeutic gene into the heart of golden 
Syrian hamsters. The method of gene delivery was direct 
infusion of the AA V2 vectors into the coronary artery ex vivo 
in a heterotoplcalfy transplanted heart. When an AA V2 vector 
carrying the Lac-Z gene driven by CMV promoter was 
delivered into the heart of healthy hamsters, effective gene 
transfer was achieved in up to 90% of the cardiomyocytes. 
Lac-Z gene expression persisted for more than 1 year 
without immune rejection or promoter shufoff. Furthermore, 
when an AAV2 vector carrying human 8-sarcoglycan gene 

Keywords: AAV vector, S-sarcoglycan; heart BloU.6 hamster 



was similarly delivered into the heart of BioU.6 Syrian 
hamster, a congestive heart failure and limb girdle muscular 
dystrophy animal model, widespread therapeutic gene 
transfer was achieved In a majority of the cardiomyocytes. 
Efficient expression of the human S-sarcoglycan gene In the 
dystrophic hamster hearts restored the entire sarcoglycan 
complex that was missing due to the primary deficiency of 
S-sarcoglycan. Transgene expression persisted for 4 months 
(the duration of the study) without Immune rejection 
or promoter shutoff. These results Indicate that AAV is a 
promising vector system for cardiac gene therapy. 
Gene Therapy (2003) 10, 1807-1813. doi:10.1038/ 
sj.gt.3302078 



Introduction 

Cardiovascular diseases are the leading cause of death in 
the developed countries. Other related ailments such as 
hereditary cardiomyopathies are also a common cause of 
morbidity and mortality. Gene therapy has been exten- 
sively studied as a novel strategy for heart diseases. 
Owing to the quiescent nature of cardiomycytes, the 
classic retrovirus vectors are not suitable for intracardiac 
gene transfer. On the other hand, adenovirus (Ad) 
vectors and naked plasmid DNA have been successfully 
used to deliver genes into the heart tissue. Ad vectors 
could be delivered into the myocardium either by direct 
intramyocardial injection 1 or through coronary circula- 
tion. 2 However, a major limitation is the vector-related 
immune responses in immunocompetent recipients. In 
addition, it is extremely difficult to deliver Ad vectors 
through coronary circulation, because of the large viral 
particle size that hinders the virus from exiting the blood 
vessel and infecting cardiomyocytes. Direct injection of 
naked DNA into myocardium could achieve gene 
transfer but with very limited efficiency. 3 Adeno-asso- 
ciated virus (AAV) vectors are based, on nonpathogenic 
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and replication-defective parvoviruses, which have small 
viral particle sizes (~22nm in diameter). 4 AAV vectors 
have been widely used for efficient gene delivery into a 
variety of tissues in vioo including brain, 5 liver, 6,7 lung, 6 
muscle,''' 0 and eye."- 12 Currently, AAV vectors are the 
most promising gene delivery system in muscle tissues 
due to its efficient, widespread and persistent gene 
transfer. .Although extensive studies have been carried 
out using AAV vectors in skeletal imiscles for both 
muscular dystrophies 13 * 18 and for metabolic diseases, 1 "" 21 
few studies involved cardiac muscles. 

Limb girdle muscular dystrophies are a group of 
heterogeneous inherited neuromuscular diseases. 23 The 
severe and early-onset phenotypes are usually caused by 
mutations in sarcoglycan (SG) genes a (LGMD 2D), ft 
(LGMD 2E), y (LGMD2C), and 5 (LGMD 2F). These small 
transmembrane proteins associate in equal stoichiometry 
on muscle cell membrane to form a heterotetramer, 
named SG complex. 24 Recently, sarcospan was also 
identified as a member of the SG complex. 23 Primary 
deficiency of any single SG protein can result in partial or 
complete disappearance, of the SG complex on the 
sarcolemma, leading to muscular dystrophy and cardi- 
omyopathy. The cardiomyopathy Syrian hamster 
Biol-t^ 2 * was the first available LGMD 2F animal model, 
with a large deletion in its 5-sarcoglycan gene. 27 - 28 The 
genetic mutation causes biochemical deficiency of the 
entire SG complex on both skeletal and cardiac muscle 
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cell membranes. In addition bo skeletal muscle myo- 
pathy, the Biol4.6 hamsters also suffer from severe 
cardiomyopathy and congestive heart failure, a primary 
cause of premature death. As a result of the resemblance 
to human patients, the Biol4.6 hamster provides an 
excellent animal model of gene therapy for both skeletal 
and cardiac deficiencies. Successful gene therapy studies 
on skeletal muscle in Biol4.6 hamsters have been 
achieved using both Ad vector 29 and AAV vectors 
carrying 5-sarcoglycan gene,' 4 -' 5 - 18 which restored the 
missing sarcoglycan complex on the muscle cell mem- 
brane, improved both muscle histopathology and myo- 
fiber membrane integrity and, more importantly, 
recovered the muscle contractile force deficits. 15 fn 
addition, direct local injection of an AAV vector carrying 
8-sarcoglycan gene into the myocardium of Biol 4.6 
hamster has been recently reported. 30 However, AAV 
vector-mediated SG gene delivery through the coronary 
artery into the entire myocardium has not been reported. 

In this study, we have used AAV2 vectors carrying 
either a reporter Lac-Z gene or the 5-sarcoglycan gene 
into the myocardium of the hamsters in a heterotopic 
heart transplant model. Highly efficient and persistent 
transgene expression and biochemical restoration of the 
5-sarcoglycan and the SG complex in the hamster hearts 
have been accomplished. 



Results 

Widespread and persistent transgene expression in 
cardiomyocytes-after coronary delivery of AAV-LacZ 
vector 

Carcliomyopathy in the Biol4.6 hamster is caused by the 
lack of 5-sarcoglycan in the cardiomyocytes. To correct 



the genetic deficiency, widespread and persistent expres- 
sion of the therapeutic gene into a majority of the 
cardiomyocytes is desirable. Direct intramyocardium 
injection of the vectors apparently could not render 
widespread gene transfer throughout the heart. To 
investigate whether highly efficient gene transfer can 
be achieved by the coronary circulation, we initially 
tested an AAV-Lac-Z reporter vector in a heterotopic 
heart transplantation model. 31 The reason to choose the 
ex vivo heart transplant method instead of the in situ 
heart gene transfer is mainly because of the technical 
difficulty of the latter method in small rodents. 

To test and compare the transduction efficiency of 
AAV2 and Ad5 vectors in hamster hearts, healthy FIB 
hamster donor hearts were infused ex vivo through 
coronary circulation with 200 ul of AAV-CMV-Lac-Z or 
Ad-CMV-LacZ virus (1 x 10 1 * viral genomes, v.g.), and 
then transplanted into the abdomen of recipients of the 
same strain. A 2 weeks after vector delivery, X-gal 
staining of the AAV vector-treated heart showed robust 
and widespread LacZ gene expression in a vast majority 
of the cardiomyocytes (Figure la), while the Ad vector- 
treated heart showed inefficient gene transfer with few 
LacZ-positive cardiomyocytes (Figure lb). Cross-section- 
ing of the whole heart 1 year after AAV gene transfer 
revealed LacZ-positive myocytes in up to 90% of the 
heart tissue (Figure lc). A preference of gene transfer by 
the AAV2 vectors in peripheral areas over the central 
areas of the myocardium was occasionally observed 
(data not shown; Figure 3). This might be due to the 
differences in blood vessel densities in those muscles. No 
signs of immune cell infiltration and immune rejection 
of AAV-LacZ-transduced myocytes were observed. 
These results demonstrated that the AAV vector could 
be effectively delivered into the myocardium through 




Figure 1 AAV vector-mediated efficient intracardiac (intramyocardium) gene transfer through coronary circulation in hamster hearts. Normal hamster 
hearts of FIB strain mere infused either with AAV-CMV-LacZ vector (a) or Ad-CMV-LacZ vector (b), and stained by X-gal and H&E on the cryo-thin- 
sectkms of the transplanted hearts 2 weeks after vector infusion (photographs were taken with a x 20 lens). AAV-CMV-LncZ also conferred long-term, 
intracardiac gene expression for 1 year (c), while Ok control heart willmntgene transfer sltawed no X-gpl staining (d) (photographs of the whole-heart avss- 
. section mere taken wit/i a x4 lens and spliced together). The dystrophic Bioli.6 hamster hearts were infused with AAV-CMV-SSG vector and 
immuimfluoresccntly stained with antiS-SG antibody and CyS-labeled secondary antibody (c) at 4 montlts after vector infnshn (photograph of tfte mhole- 
hearl cross-section ions taken with a x 2 lens). Vie untreated BloU.6 licnrt showed no fluorescent staining (f) (photograph was taken with a x 20 lens) 
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coronary artery circulation. The AAV particles were 
small enough to exit the capillary blood vessel without 
additional hydrostatic pressure. 

Efficient AAV-8-sarcoglycan gene transfer in 
cardiomyocytes and restoration of sarcoglycan 
complex 

Having succeeded in normal hamster heart with a 
reporter gene, we next investigated whether the ther- 
apeutic gene 8-sarcoglycan could also be efficiently 
transduced into the hearts of the diseased Biol4.6 
hamsters by AAV2. In a similar manner, hearts isolated 
from Biol4.6 hamster donors were infused cx vivo via 
coronary circulation with 200 nl of AAV-8-sarcoglycan 
(1 x 10" viral genomes, v.g.) and then transplanted into 
the abdomen of Biol4.6 hamster recipients. As the 
average lifespan of the Biol4.6 hamsters was reportedly 
5 months, 26 the AAV vector-treated and heterotopically 
transplanted hearts were examined for transgene expres- 
sion at 4 months after gene transfer (5 months of age). 
Immunofluorescent staining was performed on the cross- 
sections of the vector-transduced hearts with a mono- 
clonal antibody specific to human 8-sarcoglycan, which 
was the AAV transgene product in this study. The results 
showed extensive gene expression in a majority of the 
cardiomyocytes in the entire heart (Figure le). Similar to 
our previous studies in the skeletal muscles, 14 - 1 3 AAV-8- 
sarcoglycan gene transfer resulted in overexpression of 
the protein in some of the myocytes, and revealed 
cytoplasmic staining as well as membrane staining of the 
protein (Figure 2d and d'). However, overexpression of 
the 8-sarcoglycan did not interfere with the restoration of 
the other three SG components (a-, fJ-, and y-sarcogly- 
cans) onto the plasma membrane of the cardiomyocytes 



(Figure 2a-c). No cytoplasmic staining of a-, P-, and 
y-sarcoglycans in AAV vector-transduced myocytes was 
observed, which is again consistent with the results 
obtained in skeletal muscle gene transfer. ,4 ' lS Thus, 
expression of 8-sarcoglycan in the Biol4.6 hamster hearts 
effectively restored the missing SG complex. 

Protection of cardiomyofiber plasma membrane 
integrity 

The restoration of the SG complex should also render a 
protective effect on the cardiomyocyte cell membrane 
integrity and prevent membrane leakage. To examine the 
protective effect, Evans blue dye (a low molecular weight 
dye with red fluorescence) was injected into the Biol4.6 
hamsters treated with AAV-8-sarcoglycan. F^amination 
of the cardiac muscle showed exclusion of Evans blue 
dye in the sarcoglycan-positive heart tissue (Figure 3, left 
half, |5~sarcoglycan staining on the cell membrane) and 
leakage into the myocytes in the areas without AAV gene 
transfer (Figure 3, right half, red fluorescence of Evans 
blue dye in the cytoplasm of leaking cardiomyocytes), 
indicating a protective effect on plasma membrane 
integrity by the SG gene therapy. 

Inefficient transgene expression in blood vessels 
Since the AAV vectors were delivered into the myocar- 
dium through coronary circulation and robust transgene 
expression was observed in cardiomyocytes, we wished 
to examine whether the blood vessels were also 
transduced. Cross-sections of hearts transduced by the 
AAV-LacZ vector were analyzed for transgene expres- 
sion in the blood vessels, which were surrounded by 
highly transduced cardiomyocytes to assure that, those 
blood vessels also had been exposed to the AAV vectors. 




Fin/re 2 Restoration of the missing SG Protein complex on the cell membrane of cardiomyocytes after AAV-CMVSSG vector infusion in BioU.6 hamster 
hearts hnnnmoRuorescent staining of tile cryo-thin-sections with anti-i-SG antibody stiowat widespread S-SGgene expression (d and tT) and restoration 
of the 'other Hiree sarcoglycans, s-SC (a and iV), p-SG (b and V). and )-SG <c and d). Note the over-expression and acaumMion of fcSG in Hie cytoplasm 
of a number of uryocytcs id and'd 1 , arrows). Photograplis of panels a-d were taken with a x 4 tors, while panels o'-rf' were the enlargement of the 
higiitighled areas of panels a-d lo shorn membrane staining ofHtcSG proteins. 




Figure 3 Protection of myocyte membrane integrity by AAV-CMV-&SG gene transfer. The hamster ivas injected intraxvnously with Evans blue dye to 
examine the myocyte plasma membrane integrity. Cryo-lhin-section of vector-treated heart mas iiwmmofluomscently stained with anti-fi-SG antibody, 
slmoins the restoration of Ute SG conrplex on the cell membrane (left portion of the photograph, taken with a x4 lens) and prevention of dye leakage into 
those cells. By contrast, the areas without gene transfer and negative for fi-SG staining (right portion of the photograph) had numerous myocytes fated and 
filled with Evans blue dye (it has strong red fluorescence) in the entire cytoplasm, as highlighted by arrows. Note: As &-SG shoxoed some cytoplasm 
accumulation (sec Figure 2), the atrti-P-SG antibody was instead used to assure that the red cytoplasm fluorescence was a result of Evans blue dye lenhtge. 



Surprisingly, no X-gal staining could be observed in 
blood vessels of various sizes in the AAV-LacZ-treated 
hamster hearts, although their neighboring myocytes 
were all highly transduced and showed strong X-gal 
staining (Figure 4a and b). These results suggested that 
AAV-2 vectors were inefficient in delivering transgene 
expression in cardiac blood vessels. 



Discussion 

Previously, efficient gene transfer and therapeutic bene- 
fits have been demonstrated in the skeletal muscles of 
the dystrophic Biol4.6 hamsters after gene therapy with 
the AAV-5-sarcogIycan vectors."- 15 '" In this study, we 
showed that coronary infusion of AAV vectors into the 
hearts is an efficient method of gene transfer into the 
myocardium. Widespread and sustained transgene ex- 
pression in the hearts of both healthy and dystrophic 
hamsters was accomplished. AAV-8-sarcoglycan gene 
transfer also restored the entire missing SG complex, 
whose deficiency is the primary cause of the cardiomyo- 
pathy and congestive heart failure in the Biol4.6 
hamsters as well as in some sarcoglycanopathy patients. 

Intracardiac gene transfer has been one of the major 
emphases in the field of gene therapy. Both Ad vectors 
and naked plasmid DNA vectors have been extensively 
studied for intracardiac gene transfer. These vectors have 
also been used in clinical trials of cardiovascular diseases 
to deliver therapeutic genes that promote local angio- 
genesis in the ischemic heart tissues. 13 For that purpose, 



limited local gene transfer may be sufficient to render 
therapeutic effects. However, for hereditary cardiomyo- 
pathies and other heart conditions where extensive gene 
transfer is required, adenoviral and nonviral vectors 
would face formidable hurdles to achieve widespread 
transgene expression. When delivered through Mood 
circulation, both Ad vectors and naked plasmid DNA 
were not only hindered by their size constraint in exiting 
the capillary blood vessels, but also limited by the 
extracellular matrix barrier 32 - 33 and the lack of receptors 
for naked DNA on the cardiornyocytes. Recently, Ad 
vectors carrying Lac-Z reporter gene and 5-sarcoglycan 
gene were delivered into the heart of normal and Biol4.6 
hamster hearts after transient aortic occlusion. 2 To 
achieve efficient intracardiac gene transfer, both hy- 
pothermia and cardioplegia were also required. In 
addition, the use of histamine in the coronary circulation 
for several minutes before Ad delivery was essential to 
achieve sufficient blood vessel fenestration and leakage 
to allow the Ad to enter the extra vascular space. 2 

By contrast, AAV vectors have much smaller particle 
sizes (-22 nm in diameter) than the Ad (~100nm in 
diameter including fibers). As a result, AAV vectors can 
bypass the blood vessel pores and extracellular matrix 
with less cUfficulty. In fact the vectors have been 
investigated for intracardiac gene transfer by means of 
both coronary circulation and direct intramyocardium 
injection. An early study in pig hearts with an AAV-LacZ 
vector delivered by a catheter into a branch of die 
coronary artery achieved transgene expression in large 
numbers but only a small overall percentage of cardio- 
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Figure 4 Inefficient gene transfer and transgene expression in blood vessels. Thin sections of AAV-CMV-lacZ vector-treated hearts were stained with X- 
gtil and H&E. AI though the surrounding cardiomyocytes were efficiently transduced by the AAV vector mid showed strong X-gal staining of blue color, the 
blood vessels of either large size (a) or small size (b) however showed no detectable lacZ gene expression. 



mycy tes, 34 probably due to insufficient vector doses. 
Direct intramyocardium injection of AAV vectors also 
rendered efficient local gene transfer in hamster heart 
and therapeutic benefits in the TO-2 hamster, 30 a 
derivative of the cardiomyopathy Biol4.6 hamsters. In 
our study, AAV vectors were directly infused through 
the aorta into the coronary artery without extra pressure 
and without the use of histamine or blood vessel dilating 
chemicals. Highly efficient and widespread gene transfer 
in the whole heart indicated that AAV viral particles 
were small enough to exit the capillary blood vessels and 
infect the cardiomyocytes. Under the same ex vivo 
condition, an adenovirus LacZ vector, however, failed 
to achieve significant gene transfer (Figure lb). The use 
of histamine and papaperin was necessary for efficient 
gene transfer in the same ex vivo heart transplant model 
when an Ad vector was used. 18 Given the smaller 
particle sizes, AAV vectors should face less difficulties 
than the Ad vectors. 3 * -36 

Owing to the technical difficulty for in situ gene 
delivery into die hearts of small rodents via coronary 
circulation, we employed the heterotopic heart trans- 
plant, a widely used model in the transplant field, to 
examine AAV-mediated gene transfer in the cardiomyo- 
pathic Biol4.6 hearts. Although widespread 5-sarcogly- 
can gene transfer and restoration of the entire SG 
complex were accomplished in the vector-treated hearts, 
it is difficult to evaluate die physiological functions of 
such, a heart because the transplanted heart did not have 
normal blood drculation in the left ventricle. This makes 
echocardiograph and hemodynamics evaluations non- 
applicable. An improved transplant model should offer a 
solution to this problem. 37 In addition, the lack of 
mechanical stress to the heart may also minimize the 
contraction-induced, damage to the dystrophic heart 
muscle, resulting in less severe phenotypes. Nonedieless, 
we still, observed the Evans blue dye leakage into the 
myocytes in the areas tiiat lacked 5-sarcogrycan gene 



transfer, and the protection of myocytes membrane 
integrity in the area that showed 8-sarcoglycan gene 
transfer (Figure 3). As a result the high percentage 
of therapeutic gene transfer in die cardiomyocytes, 
a recovery in physiological functions would almost 
be certain if the heart were in its in situ position. 
This notion is supported by two previous studies, 
where either a direct injection of left ventricle muscle 
with an AAV-S-sarcoglycan vector 30 or a coronary 
infusion with an Ad-5-sarcoglycan vector 2 have achieved 
significant physiological function recovery. The AAV 
vector treatment also slightty prolonged the lifespan of 
the cardiomyopathy: TO-2 hamsters even though only a 
portion of the left ventricle received gene transfer by 
s single local injection of the 5-sarcoglycan vector. To 
achieve clinical relevance, m sihr perfusion of the 
diseased heart has to be performed, which is technically 
difficult but feasible. 

Finally, it is also interesting to note the lack 
of detectable transgene expression in the blood 
vessels of the AAV vector-treated heart, both with the 
LacZ reporter gerie or with the 5-sarcoglycan gene 
(data not shown), despite the extensive transgene 
expression in the surrounding myocytes. This phenom- 
enon may be a result of inefficient infection of blood 
vessel cells by AAV2-based vectors, which could be 
possibly limited by the lack of receptor* and corecep 
tors, 39 ' 10 impaired intracellular trafficking, and inability 
of viral DNA second-strand DMA synthesis. Alterna- 
tively, it may also be the result of promoter shutoff in 
those cells. Given the implication . of blood vessel 
deficiency in some sarcoglycanopathy-related heart fail- 
ure,"" it would be interesting to see whether extensive 
gene correction in the cardiomyocytes, rattier than the 
cardiovasculature, would render a complete or a partial 
therapeutic efficacy. A combination of gene therapy and 
drug therapy 12 may be required to achieve maximal 
benefits. 
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Materials and methods 
Production of AAV vectors 

Construction of AAV vectors containing human 5- 
sarcoglycan cDNA or B-galactosidase (Lac-Z) gene under 
the control of CMV promoter (AAV-CMV-5SG) lias been 
previously described (Li). The recombinant viral vector 
stocks were produced by cotransfecrion methods as 
described by Xiao el al. 43 The AAV viral vectors were 
purified twice through CsQ density gradient purification 
according to the previously published protocols. 9 ' 44 The 
vector titers of viral genome particle number were 
determined by DNA dot blot method, 44 and were in 
the range of 5 x 10" viral genome (v.g.) particles per ml. 
An adenovirus CMV-LacZ vector was made by the 
standard protocol 9 and the vector titer was 5 x 10" viral 
genome particles per ml. 

Coronary artery delivery of AAV and Ad vectors 
Healthy FIB and dystrophic Biol4.6 hamsters were 
purchased from Bio Breeders (Fitchburg, MA, USA) 
and handled in accordance with the institutional guide- 
lines of the University of Pittsburgh. Heterotopic heart 
transplantation was done on 1-2-month-old animals. The 
method for heterotopic heart transplantation was 
adapted from the rat procedure of Ono and Lindsey. 31 
All animals were anesthetized with tribromoethanol 
(Averta*, 250 mg/kg Lp.). The heart was transplanted 
into the abdomen with end-to-side anastomosis of aorta 
to aorta and pulmonary artery to vena cava. For ex vivo 
intravascular vector injection into the donor heart after 
harvest, cold AAV2-CMV-LacZ vector or AAV2-CMV- 
dSG (0.2 ml in DMEM media) or Ad5-CMV-LacZ (02 ml 
in PBS saline) was quickly infused into the aorta, which 
was clamped so that the vector solution would flow 
- through the coronary circulation and irrigate the entire 
myocardium. No recirculation of the vector solution was 
performed. The heart was soaked in cold saline for 5- 
10 rnin and then transplanted into the abdominal cavity 
of the syngeneic recipients. The heart graft contraction 
was monitored weekly by palpation. AAV-CMV-LacZ 
gene expression was detected by X-gal staining, while 
AAV-CMV-dSG gene expression was detected by im- 
munofluorescent staining of the cryostat thin sections of 
the vector-treated hearts. To test the cardiomyocyte cell 
membrane integrity in vivo, Evans blue dye (10 mg/ml 
PBS) was injected intravenously into Biol4.6 hamsters at 
0.1 mg/g of body weight. The animals were killed 12 h 
after dye injection. Vector-treated hearts were collected 
and cryosectioned. Evans blue dye positive cardiomyo- 
cytes, which showed red fluorescence in the cytoplasm, 
. were observed under the fluorescent microscope with 
Rhodamine filters. 

fmmunofiuorescent staining 

Cryostat sectioning of the heart tissue was performed at 
5um thickness with a Leica microtome. For imrnuno- 
fluorescent staining," the unfixed muscle cryosections 
were immediately blocked in 10% horse serum and PBS 
at room temperature for 1 h. Monoclonal antibodies 
against a-, B-, y-, and 6-sarcoglycan SGs (Novocatra 
Laboratories) were diluted 1:100 in 10% horse serum/ 
PBS, and incubated with the cryosections for 2 h at room 
temperature. After three washes, the sections were 
incubated with Cy-3-labeled anti-mouse antibody at 



1 :500 dilution in 1 0% horse serum/PBS (Jackson Immuno 
Research Laboratories). After three washes, the samples 
were mounted in Gelmount (Fisher). Photographs were 
taken with a Nikon fluorescent microscope equipped 
with a digital camera. 
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Nucleic acid-based modulation of cardiac gene expression 
for the treatment of cardiac diseases 
Approaches and perspectives 
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Summary. During the past few years major conceptual and technical advances 
have been made towards the therapeutic modulation of cardiac gene expression for 
the treatment of cardiac diseases. Among these are 1) the identification of new 
molecular therapy targets in cardiac disorders, often derived from genetic animal 
models. 2) A better understanding of the molecular and cellular determinants of 
cardiac gene transfer in vivo, in animal models and in first clinical trials. 3) The 
development of novel regulatable and long-term stable vector systems. This review 
is focused on nucleic acid-based modulation of cardiac calcium homeostasis as a 
paradigm for the new gene therapeutic approaches, since recent landmark papers 
have suggested this to be a molecular target of key importance in heart failure. In 
particular, the development of severe heart failure in the genetic MLP"'* animal model 
could be completely abolished by the targeted ablation of phospholamban (PL), a 
key regulator of cardiac calcium homeostasis. This impressive effect of permanent 
germline PL ablation provides — in conjunction with former important work on 
disturbed calcium handling in the failing human heart — a rationale for the gene 
therapeutic approach of ad hoc suppression of PL by antisense strategies (antisense 
RNAs, ribozymes, RNA interference) or PL variants. Based on the broad spectrum of 
methods employed to characterize this general strategy, PL-targeted approaches 
may be considered as a paradigm of future genetic treatments of cardiac disorders. 
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although the differences between animal models and humans must be kept in mind. 
High safety of any such therapy will be a prerequisite for any possible clinical 
application and therefore novel methods to improve control are being devised: 1 ) The 
regulation of gene therapy vectors by biochemical abnormalities associated with the 
target disease itself (" inductidn-by-Disease» gene therapy). 2) External control of 
vector activity by the employment of drug-sensitive promoters. In addition, the 
important goal of cardiac long-term stability of the therapeutic vectors has recently 
been achieved in animal models using vectors derived from adeno-associated 
viruses (AAVs). 

Key words Antisense RNA - cardiac calcium homeostasis - gene therapy - heart 
failure - phospholamban - RNA interference - ribozymes 



Nucleinsaure-basierte Modulation der kardialen 
Genexpression zur Behandlung kardialer 
Erkrankungen 

Zusammenfassung. In den letzten Jahren wurden wichtige 
konzeptionelle und technische Fortschritte erzielt auf dem Weg zur 
therapeutischen Modulation der kardialen Genexpression bei 
kardialen Erkrankungen. Zu diesen Fortschritten zahlt 1. Die 
Identifikation neuer therapeutischer Ziele bei der Herzinsuffizienz, oft 
anhand genetischer Tiermodelle. 2. Ein besseres Verstandnis der 
molekularen und zellularen Determinanten kardialen Gentransfers in 
vivo, in Tiermodellen und in ersten klinischen Studien. 3. Die 
Entwicklung regulierbarer und langzeitstabiler Vektorsysteme. Diese 
Obersicht fokussiert sich auf die Nukleinsaure-basierte Modulation 
der kardialen Calcium- Homoostase als ein Paradigma fur diese 
gentherapeutischen Ansatze, da jungere bahnbrechende Arbeiten 
annehmen lassen, dass die Calcium-Homoostase ein Therapieziel 
von zentraler Bedeutung bei der Herzinsuffizienz darstellt. So konnte 
die Entwicklung einer schweren Herzinsuffizienz im genetischen MLP" 
'* Tiermodell vollstandig blockiert werden durch die gezielte 
genetische Ausschaltung des Phospholambans (PL), eines zentralen 
Regulators der kardialen Calcium-Homoostase. Dieser eindrucksvolle 
Effekt einer permanenten PL-Ausschaltung liefert-nn Verbindung mit 
wicht'gen fruheren Arbeiten uber Storungen der Calcium-Hom6ostase 
im insuffizienten menschlichen Herzen— efne rat'ionale Basis fur den 
therapeutischen Ansatz einer ad ftoc-Suppression von PL mit Hitfe 
von anf/sense-Strategien (anf/sense-RNAs, Rjbozyme, RNA- 
Interferenz) oder PL-Varianten. Wegen des sehr breiten Spektrums 
an Methoden, die zur Charakterisierung dieser Strategie eingesetzt 
worden sind, k6nnen PL-gerichtete Strategien als Paradigma fur 
zukOnftfge genetische Therapien kardialer Erkrankungen angesehen 
werden, trotz bekannter komplexer Unterschiede zwischen 
Tiermodellen und dem Menschen. Hohe Sicherheit jeglicher solchen 
Therapie ist eine Voraussetzung fur ihre mfigliche klinische 
Anwendung und neue Kontrollmethoden werden daher entwickelt: 1. 
Regulation des Vektors durch biochemische Anomalien, die mit der 
Zielkrankheit selbst assoziiert sind { n lnductionby- Disease « 

Gentherapie). 2. Externe Kontrolle der Vektoraktivitat durch den 
Einsatz pharmakon- sensitiver Promotoren. Daruber hinaus konnte 
das wichtige ZieJ kardialer Langzeit-Stabilitat der therapeutischen 
Vektoren in jOngster Zeit tierexperimentell mit Vektoren auf der Basis 
von Adeno-assoziierten Viren erreicht werden. 

Schlusselworter Antisense-RNA - kardiale Calcium-Homoostase - 
Gentherapie - Herzinsuffizienz - Phospholamban - RNA-lnterferenz - 
Ribozyme 
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